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The Significance of Symbols in Physical Equations 


V. F. LENZEN 
University of California, Berkeley, California 


HE quantitative definitions and laws of 
physics are expressed by equations such as 
v=s/t and F=ma. In this paper I shall discuss 
the significance of the symbols in these equations. 
That the problem of determining what the sym- 
bols designate is real, is indicated by the existence 
of several solutions. The view expressed by 
Bridgman is that the symbols denote numbers 
which are the results of measurement. J. Wallot 
represents those who contend that the symbols 
may denote the physical quantities directly. The 
need for clarity in one’s point of view is demon- 
strated by the following quotation from A. G. 


Worthing’s review of a popular textbook. He 
says, 


There is failure to follow a consistent policy with 
regard to the significance of symbols that are used in 
the equations which occur. Consistently they may be 
used to represent physical quantities or plain numerics. 
Judged by his usage the author very much prefers to 
have the symbols represent physical quantities, a 
policy which most teachers of physics will heartily 
endorse. That policy, however, has not been strictly 
adhered to in this book. Too often the symbol stands 
for a numeric, and what is particularly bad, both 
usages are actually to be found in several individual 
equations. 


It is desirable to give a preliminary definition 


of the term quantity. According to Bertrand 


Russell, a quantity is a particular object such as 
a meterstick, the length of which is a magnitude. 
Two equal quantities have the same magnitude. 
For example, two metersticks have the same 
length and are therefore equal in respect. to 


length. Magnitudes thus are more abstract than 
quantities. The distinction between quantity and 
magnitude appears to be useful, for we speak of 
a quantity of water as a particular object that is 
characterized by a magnitude mass. In contem- 
porary discussion, however, the word quantity is 
also used in the sense of magnitude. Measurable 
properties, such as length, speed and mass, are 
called quantities. To add to the ambiguity, 
Eddington applies the word quantity to numerical 
measures. In the present paper I shall conform to 
contemporary usage and treat physical quantities 
as measurable properties or magnitudes. 

The result of a measurement of a given quan- 
tity is expressed by a number relative to a unit 
of the quantity. For example, if / designates a 
particular length, the result of measuring it may 
be expressed by (J)[Z], where (/) denotes the 
numerical measure and [ZL] the unit of length. 
The issue in the discussion is: Do the symbols 
in an equation designate quantities (measurable 
properties) directly or do they represent numeri- 
cal measures? In particular, if the symbol / oc- 
curs, does it designate the physical property of a 
line, or does it denote the numerical measure (/)? 


Symbols as designating numbers 


The operational theory of physical concepts 
appears to demand the interpretation of symbols 
in terms of numbers. A length occurs in physics 
through the numerical measure obtained by oper- 
ations. Indeed, the operationalist applies the 
word quantity to the numerical measure as alone 
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having physical significance. Furthermore, it has 
been argued that the mathematical operations 
of multiplication, division and so forth apply 
only to numbers and hence that an equation such 
as v=s/t is meaningless unless the symbols desig- 
nate numbers. It may be remarked that, if one 
interprets the symbol / as standing for a number, 
one should not write /=12 cm but should use the 
form, ‘‘12=/ in centimeters.” 


Symbols as designating quantities 


Despite the theoretical arguments in favor of 
the foregoing view, widespread use is being made 
of the interpretation of symbols in terms of 
quantities. The principal purpose of this paper 
is to examine the justification for this interpreta- 
tion. By way of introduction, I remark that a 
physical quantity may be given a physical status 
by viewing it as a relation—for example, between 
a given line and a unit of length. 

A defense of the interpretation of symbols in 
terms of quantities appears to require an answer 
to the criticism that mathematical operations 
apply only to numbers. Now, mathematical 
operations may be defined for any objects what- 
soever. For example, vector and scalar multipli- 
cation operate upon vectors that are directed 
segments of straight lines. The possibility of de- 
fining operations upon quantities may be demon- 
strated by building a miniature physical theory 
of length. We may begin with the empirical fact 
that in nature there exist practically straight 
lines having the physical property length. We may 
represent the length of a line by the symbol /. 
Two lengths ), and J, can be added and the sum 
denoted by 4,+/.. We may show experimentally 
that }+h=h+h, the commutative law for addi- 
tion. We may use equal lines to form a square 
and define its area as denoted by /?. We may form 
a cube and define its volume as denoted by /'. 
We may next form the symbol /'; but there then 
arises the problem of the status of the object it 
designates. I think that the formation of /‘ in- 
dicates that we have passed from operations on 
objects to operations on symbols. Again, if the 
symbol ¢ designates a lapse of time, what physical 
object is designated by ??? 

In order to explain further the possibility of 
defining operations upon quantities, let us con- 
sider the equation v=s/t. What is the meaning of 
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the sign of division? Following Wallot, we may 
say: If the distance traveled in a given time is n 
times greater, the quantity v becomes n times 
larger. If the time required to travel a given 
distance is m times greater, the quantity v be- 
comes ” times smaller. It may be contended, 
however, that this explanation of the operation 
of division for quantities is based upon numerical 
measures. 

Although we can give interpretations to opera- 
tions upon quantities, the mathematical develop- 
ment immediately leads to the interpretation of 
the operations as upon the symbols for the 
quantities. The symbolic interpretation of opera- 
tions is strengthened by considering the signifi- 
cance of the symbol for equality. The equation 
A=l?, where A stands for area, may express the 
fact that A is analyzed in terms of /. But consider 
F=ma. The symbols m and a symbolize prop- 
erties of a body, whereas F symbolizes conditions 
in the environment. For example, if a force ex- 
erted by a spring acts on a body, then F= —kx, 
where k and x refer to properties of the spring. 
Thus, the symbol for equality in F=ma does not 
stand for an objective relation. F=ma is not an 
analysis of F in the same way that A= is an 
analysis of A. F=ma stands for F=kma with 
k=1, and this in turn means that F is directly 
proportional to mass and acceleration conjointly. 
Our interpretation of the symbol for equality 
should be that for the symbol F we may sub- 
stitute ma in a calculus of symbols. Thus ulti- 
mately our symbols for operations apply to 
symbols and not to the quantities directly. 


Symbols as designating labeled numerals 


The conclusion that symbols of operations 
upon quantities are finally to be viewed as oper- 
ating on symbols suggests that we may mediate 
between the view that symbols designate num- 
bers and the view that symbols designate quan- 
tities by Helmholtz’ doctrine that a symbol 
designates a benannte zahl. This doctrine may be 
set forth for the physical quantity length which 
has been represented by the symbol /. Now a 
length may be viewed as the sum of a set of 
equal units of length. This analysis expresses the 
fact that, in measuring a length, one counts the 
number of times that the unit can be laid off on 
the length. A sum of equal units may be expressed 
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as the product of the cardinal number of the set 
and the unit. Accordingly, the result of measuring 
a length is appropriately described by the symbol 
(1) [ZL], where (l) symbolizes the number and 
[L] the unit of length. We may write /=(J)[L], 
where the symbol for equality expresses an ob- 
jective relation. The symbol (/)[ZL], which de- 
scribes the result of measurement and which I 
shall call a labeled numeral, expresses the product 
of a number and a unit. The function of measure- 
ment is to describe a quantity as such a product. 
The product may be called a concrete number, 
and hence the symbols in physical equations 
designate labeled numerals which express quan- 
tities as concrete numbers. 

In Helmholtz’ writings a benannte zahl is 
sometimes said to be formed as the sum of a 
cardinal number of equal quantities; sometimes 
a quantity is said to be expressed through a 
benannte zahl. Helmholtz interprets a number as 
a symbol. The apparent unclearness in his doc- 
trine can be overcome by making a distinction 
between a number and its symbol, the numeral. 
In this paper a labeled numeral is the symbol of 
the product of a cardinal number and a unit. 

The product, which I call a concrete number, is 
embodied in a quantity as a sum of equal units. 
The quantity is’ expressed through the labeled 
numeral which symbolizes the quantity grasped 
as a concrete number. Thus the symbols in 
physical equations designate labeled numerals 
which in turn express physical quantities. The 
unlabeled symbols may be called unanalyzed 
labeled numerals. 

Our discussion has been based upon the 
quantity length which is readily analyzed into a 
sum of equal units. In addition to such extensive 
quantities, the development of physics requires 
the introduction of intensive quantities such as 
temperature. Intensive quantities, however, may 
be handled as if they were the products of num- 
bers and units. Hence it is a general doctrine that 
the symbols in equations may designate labeled 
numerals, each of which expresses the product of 
a number and a unit. 


Applications 


In the light of the foregoing discussion, it 
appears that physical equations should be formed 
so that the symbols are unanalyzed labeled 
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numerals. Such equations will be independent 
of the choice of units. Foundations for this point 
of view have been created by Wallot with his 
doctrine of equations for quantities. In applying 
the equations one may substitute labeled nu- 
merals for the unlabeled symbols; thus the 
numerical value is provided with the unit to 
which it is relative. The symbols for operations 
upon unlabeled symbols thus become symbols 
for operations upon labeled numerals. The labels 
for the units aré subject to the same mathe- 
matical operations as the numerals. There arise 
equations in the labels of the units which must 
be interpreted. The possibility of interpretation 
is founded upon that of equations in which the 
symbols designate quantities. 

For example, let us analyze v=(v)[V_], where 
v stands for speed. Let the defining equation for 
v be v=s/t. 
Then 

(») LV J=(s)[LJ/OCT). 

We then obtain 

(s) [LZ] 

(v)(t) (T] 
an equation that expresses the unit [V] in 
terms of the units [ZL] and [7]. Suppose 
[V]=([ZL]/(T], which means that unit speed is 


defined as the speed with which unit distance is 
traveled in unit time. Then 


V 


(s) (s) 
=], oF @=—. 


(v)(t) (t) 


Thus, if we define speed by v=s/t, and define 
the unit of speed in terms of the units of length 
and time by [V]=[Z]/[T], then (v)=(s)/(). 
If such adjusted units are adopted, the‘equation 
for the measures is the same as the equation for 
the quantities. But we may decide to define [ V ] 
by [V]=k[L]/[T]. Then (s)/(v)(#) =k, and 


For example, let [L_]=centimeter, [7]=second 
and [V]=meter per second. Then [V]=100 
cm/sec, and hence 


; 1 (s)incm 
(v) in meters per second =—— ————-. 
100 (¢) in sec 








338 WILLIAM FULLER BROWN, JR. 


Let us apply the foregoing procedure to the 
force equation F=ma. We may write (f)[F] 
=(m)[M ](a)[A ]. 
Then 
(m) (a) 
LF =~) tM ILAl 


If we define [F]=[M][A], then (m)(a)/(f)=1 
and (f)=(m)(a). For example, if dyne=gram 
cm/sec”, then (f) in dynes=(m) in grams X (a) 
in cm/sec?. Suppose that the gram weight is 
defined as a unit of force by the equation 


gram weight = 980 grams cm/sec? 
=gram 980 cm/sec?. 
Then (m)(a)/(f) =980, and (f) = (m)(a)/980. 


The employment of the preceding method has 
been attributed to Stroud in England. It has been 


advocated by D. L. Webster and is partly used 
in some American textbooks. The most careful 
discussion has been given by Wallot, and in 
Germany a committee consisting of J. Wallot, 
F. Emde, H. Diesselhorst, G. Hamel, W. K6sters, 
G. Madelung, H. Reissner and K. Scheel has 
explained its application. The primary function 
of the present paper has been to analyze the 
theoretical basis of the procedure. 
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Field Vectors and Unit Systems in the Theory of Electricity 


WILLIAM FULLER Brown, Jr. 
Palmer Physical Laboratory, Princeton University, Princeton, New Jersey 


ECENT discussions of mks electric units 
have convinced the writer that physical 
relations have become obscured by symbolism; 
that it is time to get back to essentials by 
stripping the equations of everything that is 
merely traditional or elegant. This article is an 
attempt in that direction, with one object par- 
ticularly in view: to put the theory into a general 
form in which the units are arbitrary and from 
which the special forms for the systems of units 
in common use can be obtained as simply as 
possible. In keeping with the general aim of 
sticking to essentials, the scalar and vector 
potentials will be omitted, and no symbols will 
be introduced until the quantities they represent 
occur in the natural development of the theory. 
No apology is needed nowadays for basing 
magnetostatics on the law of force between 
currents rather than on the law of force between 
magnets. No apology should be needed, either, 
for discarding the magical properties of the 
“‘medium.”” These properties, so far as they 
really exist, can and should be derived from the 
properties of the atoms of which the ‘‘medium”’ 
consists. 


§1. THE Microscopic Equations! 


We begin with the electrostatic force exerted 
by a stationary particle of charge q’ on a sta- 
tionary particle of charge gq, 


F.=k'qq'to/r’, (1a) 


and the magnetostatic force exerted by a slowly 
moving charge q’ on a slowly moving charge gq, 


F,,, = kqv X (q'v' Xr0/r*), (1b) 


where r is the vector from q’ to q (of magnitude 7 
along unit vector ro), the v’s are the velocities 
of the two charges and the k’s are constants of 
proportionality. The mechanical units and the 
unit of charge are arbitrary. The k’s will have 
values that depend on the choice of units; but 
since the g’s occur to the same power in both 
equations, the ratio k’/k is dependent only on 
the mechanical units and independent of the 


1 Some of the points covered here in regard to units have 
been discussed in detail by Warburton, Am. J. Phys. 8, 30 
(1940). The presentation follows that of Mason and 
Weaver, The electromagnetic field (Univ. Chicago Press, 
1929), except that they leave the time averaging until 
later. 
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unit of charge. In fact 


k’ /k=c, (2) 


where ¢ is a quantity with the dimensions of 
velocity. Experimentally c=3X10® m/sec, 
fact that we are entitled to state without having 
to choose a unit of charge. 

The total force on g is to be found by summing 
Eq. (1a) or (1b) over all charges g’. This done, 
we find it convenient to separate the force into 
a factor depending on the test charge q and a 
factor depending on the charges g’ and on r; 
for instance, 


F.=qE, F,,=qv XB, (3) 


where the electric and magnetic field vectors E 
and B are defined by 


E=k'>0q'r0/r’, (4a) 

B=k)>q’v' Xr, /r’. (4b) 
This is not the only possible separation into such 
factors; in the Gaussian and Lorentz-Heaviside 
systems, for instance, the factor k=k’/c? in Eq. 
(1b) is split into factors 1/c and k’/c; only the 
second appears in the definition of B, and the 
first is put instead into the expression for F,, in 
terms of B. Equations (3) and (4) accord with the 
practice in other systems and will suffice for the 
time being. 

The magnetic measurements we are to deal 
with involve charges that travel in closed paths 
(atomic or large-scale) and constitute steady 
currents, as far as our apparatus can detect. 


Therefore only the time average counts, and Eq. 
(4b) may be written as 


B=k>i' £dl' Xr,/r*; (5) 


dl’ (=v’dt) is a vector element of a closed path 
and 7’ is the current; that is, the average charge 
which passes a given point per unit time. The 
integral is around the path, and the sum is over 
all such paths or circuits. 

Besides free charges—able to separate entirely 
from their companion charges of opposite sign 
and thus to produce observable charge densities 
and currents on a macroscopic scale—we must 
consider bound charges—unable to escape en- 
tirely from their companion charges in the same 
atom, but able to experience displacements with 
respect to them on an atomic scale. Two charges 
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of equal magnitude but opposite sign, +g, 
separated by a small vector distance 1, constitute 
an electric doublet. In an electric field a doublet 
experiences a force p-VE and a couple pXE, 
where p (=ql) is called the electric moment of 
the doublet. A circulating (or spinning) atomic 
charge constitutes a small current circuit with 
current i directed around a vector area S. In a 
magnetic field a small circuit experiences a force 
m-VB and a couple mXB, where m (=7S) is 
called the magnetic moment of the circuit.? In 
form the electric and magnetic equations are 
identical. Thus we might postulate magnetic 
charges, related to magnetic and electric fields as 
electric charges are to electric and magnetic 
fields, respectively; then m might be attributed 
to a magnetic doublet and p to a small closed 
circuit of moving magnetic charge. This holds also 
for the fields produced by doublets and circuits 
at large distances: 


E=k'(—p+3p-roto)/r’, (6) 
B=k(—m+3m-roro)/7*. 


At distances of the order of magnitude of the 
dimensions of the doublet or circuit, the similar- 
ity breaks down.’ 


§2. THe Macroscopic Equations! 


The fields in which we make measurements are 
always due to large numbers of charges, and in 
most cases the test object as well is a body con- 
taining many charges. In such measurements the 
individual charges are not observed, only their 
large-scale, gross effect. 

Consider first the forces on a body in a given 
field, which does not include the body’s own 
field. When the body contains an excess of free 
charges of one sign or carries a macroscopic 
current, Eqs. (3) give for the force exerted on 
the charges in a volume element dr 


d¥,.=pEdr, dF¥,,=jXBdr, (7) 


where the charge density p and current density 


2 The force and couple formulas are good approximations 
only when the dimensions of the doublet or circuit are 
—_ compared with its distance from the sources of the 

e 

3 Harnwell, Principles of aa and electromagnetism 
(McGraw-Hill, 1938), p. 350, Fig. 1 

4 The transition to continuous densities i is discussed in 
great detail by Mason and Weaver. They use only the 
first of the three methods to be described here; they obtain 
the other results by transformation of the integrals. 





340 WILLIAM FULLER BROWN, JR. 


vector j are continuous functions that describe 
—well enough for macroscopic observations— 
the charge per unit volume and the magnitude 
and direction of the current across unit area 
(normal to its direction) in dr. 

When the body has no net charge or current 
but contains polarized atoms (doublets) or 
atomic circuits, continuous functions P and M 
may be introduced to describe the electric and 
magnetic moments per unit volume. Three 
methods are available for calculating the force 
and torque exerted on the body by the bodies 
responsible for the field. In method 1 we associate 
with dr all the charges attached to atoms with 
centers in dr, even though some of the charges in 
question may have slipped across the boundary 
and out of dr under the influence of the field. 
Since forces exerted on charges are transmitted 
to the atoms to which they belong, we get a 
force P- VEdr and a couple P XEdr acting on the 
atoms in dr, and analogous expressions in the 
magnetic case. In method 2 we associate with dr 
those charges or portions of atomic circuits that 
happen to be in it at the moment, regardless of 
which atoms they belong to; the charge and 
current densities computed in this way are® 


p'=-—divP, j/=curl M. (8) 


(Surface discontinuities may be regarded as 


limiting cases of continuous, though rapid, . 


changes, and will therefore not be introduced 
separately here.) Use of p’ and j’, instead of p 
and j, in Eq. (7) gives a formula for the force on 
charges in dr, and by integration of this the 
total force and torque on the body may be found. 

The equivalence of the formulas for the total 
force or torque obtained by methods 1 and 2 
may be established by a transformation of the 
integrals.* Since method 1 gives similar expres- 


5 The formula for p’ is derived by Page and Adams, 
Principles of electricity (Van Nostrand, 1931), p. 36. The 
formula for j’ may be derived by calculating the current 
across a macroscopic surface: Only atomic circuits linked 
by its boundary contribute, and the result is g¢M-dl; Eq. 
(8) follows at once. The original proof by Lorentz, Col- 
lected works (Martinus Nijhoff, The Hague, 1936), vol. 3, 
p. 117, is more complicated because a volume instead of 
a surface is used and because the time averaging has not 
been carried out in advance. 

®In method 1 the force P-VEdr, as well as the couple, 
contributes to the torque about an arbitrary point. In the 
magnetic case the transformation holds only if div B=0, 
curl B=0; these conditions are satisfied and continue to 
be satisfied when B is replaced by: E, if the sources of the 
field are outside the test body. 


sions in the electric and magnetic cases, the 
equivalence also holds with magnetic and 
electric quantities interchanged. This justifies 
method 3, which consists in replacing atomic 
circuits by magnetic doublets and electric 
doublets by magnetic current circuits, and leads 
to formulas dF,.=jmXEdr, dF,n=pmBdr, where 
the apparent magnetic current density jn and 
charge density p» are given by’ 


jm=curl P, px»=—div M. (9) 


The second of these expressions is more familiar 
but no more significant than the first. This 
method, like method 2, gives correctly the total 
force and torque on the test body. 

Consider next the field produced by a charged 
or polarized body. At points outside the body 
and not too close to its surface, the atomic 
structure of the body is indiscernible and the 
continuous functions may be used in computing 
the fields. For free charges we have, from Eqs. 
(4a) and (4b) or (5), 


E=k’ f (pro/r*)dr, 
B=kS (jXr0/r°)dr. 


For bound charges, the three methods used 
before are available. If we associate with dr the 
charges attached to its atoms, we get from Eq. (6) 


E=k' f((—P+3P-roro)/r* |dr, (11) 
B=kf[(—M+3M-roro) /r? |dr. 


If we associate with dr the charges actually in 
it, we get 


E=k' f(o'to/r’*)dr, B=RS(j’Xro0/r*)dr. (12) 


If we use the equivalent but fictitious magnetic 
doublets and circuits, we get 


E=Rk' f'(jmXto/r*)dt, B=RS(pm¥o/r*)dr. (13) 


Equations (11)—(13) may be shown to be equi- 
valent if the point r=0 is outside the region of 
integration. 

At points inside the body it is not legitimate 
to neglect variations on an atomic scale, and any 
macroscopic field vectors can represent, at best, 
only space-average values. The transformation 
by which Eqs. (11), (12) and (13) were proved 
equivalent fails when r=0 is in the region of 
integration, and therefore the three must be 


(10) 


7 But see footnote 14. 
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considered separately. Since Eq. (11) was based 
on a formula not valid in the neighborhood of the 
charges, it has no physical meaning at internal 
points. In fact it has no mathematical meaning 
either, for the integral is semiconvergent.® 
[Equation (12), like (10), involves-no error except 
the substitution of continuous for discontinuous 
functions; these expressions may therefore be 
expected to represent correctly the fields with 
variations on an atomic scale smoothed out. 
Equation (13) was obtained by using the 
“equivalent” fictitious magnetic doublets and 
circuits, which are no longer equivalent to the 
actual electric circuits and doublets if we get too 
close to them, and so these expressions do not 
give the actual space-average E and B on the 
theory we have adopted. However, they do give 
what these space averages would be if mag- 
netization were really due to magnetic doublets 
and polarization to magnetic current circuits. 
If we reserve the symbols E and B (at internal 
points) for the sum of the right-hand members of 
Eqs. (10) and (12), then E and B describe the 
actual fields at external points and the space- 
average values at internal points. The sum of the 
right-hand members of Eqs. (10) and (13) requires 
different symbols ; we shall use the symbol D for the 
electric quantity and the symbol H for the mag- 
netic (this is mot the usage recommended by the 
A.A.P.T. Committee’). Outside these are iden- 
tical with E and B; inside they give the space- 
average fields on the magnetic-doublet-and- 
circuit theory.?® It may be shown that 


D=E-+4rk’P, H=B—47rkM. (14) 


8 Leathem, Volume and surface integrals used in physics 
(Cambridge, 1905), p. 17. 

® Report of the A.A.P.T. Committee on Electric and 
— Units, Am. J. Phys. (Am. Phys. T.) 6, 144 
(1 js 

10 Webster, Am. J. Phys. (Am. Phys. T.) 2, 8 (1934), 
finds a ‘“‘difference in kind’? between E and D but not 
between H and B. Worthing, Am. J. Phys. (Am. Phys. T.) 
5, 56 (1937), ‘‘sees no field strength . .. that can be 
associated with” D. Our derivation, on the contrary, puts 
D and H exactly on a par. Moreover, in a purely macro- 
scopic theory, in which P and M are not interpreted 


atomically, the claim of D and H to be regarded as funda- © 


mental field vectors is as great as that of E and B: each 
originates from Eq. (11) by a vector transformation in the 
exterior region followed by extrapolation of the resulting 
formula to the interior, The terminology of the doublet 
theory, ‘‘field intensity” for E and H and “‘induction” for 
D and B, is as convenient as any for distinguishing the 
macroscopic vectors; all of them are ‘‘field vectors”’ in the 
sense that they define a vector field. 
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The significance of each vector as a space 
average may be verified by calculating the space 
average of the microscopic field over a ‘‘physi- 
cally small”’ sphere. The average field of atoms 
and free charges outside the sphere is equal to 
their field at the center, which may be computed 
by means of the continuous densities; the result 
is the ‘‘Lorentz field”’ 


E,=E-+ 4¢rk’P=D — 84rk’P, 


B,=B— %rkM =H+ 460kM. (14a) 


The contribution of atoms and free charges 
inside the sphere must be computed by direct 
averaging of the microscopic formula (4a) or 
(5). The result just cancels the P- or M-term 
in one or the other of the expressions in Eqs. 
(14a) and leaves E or H for doublets, D or B for 
circuits.” 


§3. THE DIFFERENTIAL EQUATIONS® 


Often it is necessary to solve simultaneously 
for E or B and for some of the quantities in the 
integrand in Eqs. (10) and (12); then the 
equivalent differential equations are easier to 
handle. In terms of P and M and of the macro- 
scopic E and B defined by Eqs. (10) and (12), 
these equations are 


curlE=0, div B=0, 


div E=4rk’(p+p’) 
= 4rk'(p—div P), 
curl B= 47rk(j+j’) 
=4rk(j+curl M). 


To solve them we must know either p or certain 
data on the conductors present, either P or its 
functional relation to E, either j or data sufficient 
for its determination, and either M or its, func- 
tional relation to B. 


(15) 


(16) 


1S, L. Quimby, Lectures on electromagnetic theory (pri- 
vately printed, Columbia Univ., 1933), pp. 33-34, 114 

The physical importance of space-average values 
should not be overestimated. The region averaged over 
includes the positions of the charges q’, where classical 
formulas, such as Eq. (1) and the microscopic equations of 
Lorentz, are of doubtful validity; cf. Mason and Weaver, 
p. 5, and O’Rahilly, Electromagnetics (Longmans, 1938), 
pp. 451-481. For this reason the advance involved in sub- 
stituting B for H as fundamental vector may be rather 
trivial. 

138 These may be derived either from the integral equa- 
tions (see any textbook on vector analysis) or from the 
flux theorems and circuital relations satisfied by the 
microscopic vectors (Page and Adams, pp. 18-21, 41-42, 
138-139, 160-161, 258-259). 
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The equations may also be written in terms 
of P and M and of the vectors D and H defined 
by Eqs. (10) and (13) :" 


curl D=4rk’jm 
=4rk’ curl P, 


div D=4rk’'p, 


div H=4rkp,», 
= —4rkdivo, “!”) 


curl H=4rkj. (18) 


Equation (14) enables us to restate the func- 
tional relations P(E) and M(B) in the form P(D) 
and M(H) and to find E and B when the equa- 
tions have been solved. Although Eq. (18) relates 
D and H to the free charge and current densities 
in the same way that Eq. (16) relates E and B 
to the total densities (p+p’, j+j’), it is not 
correct to identify D and H with the contribution 
of the free charges to E and B, except in special 
cases in which the right-hand members of Eq. 
(17) vanish everywhere (boundary layers in- 
cluded). Some definitions of D and H given in 
recent textbooks and discussions are objection- 
able for this reason. 

A third form of the equations, simpler mathe- 
matically and therefore more useful for the 
practical solution of problems, may be obtained 
by expressing them in terms of E and D, B and 
H. The result is Eqs. (15) and (18) together with 
a functional relation D(E), H(B). When the 
equations have been solved, Eq. (14) gives P 
or M. In a region where there are no free charges, 
E and H are irrotational (no curl) and D and B 
are solenoidal (no divergence); therefore the 
electrostatic and magnetostatic problems may 
be made formally identical by putting the mag- 
netic relation into the form B(H). This amounts 
to taking the doublet field as the independent 
variable in each case. Such mathematical juggling 
has to do only with the development of a technic 
for solving problems—a stage of the theory in 
which the atomic interpretation of the various 
vectors is of no concern to us. 

The irrotational and solenoidal properties of 
the vectors have been made the basis of a number 
of geometrical representations of the fields and of 


14 The first of these in its most general form, curl D 
=4rk’ curl P—H—4zxkM, shows that on the magnetic 
charge theory the magnetic current density is really not 
curl P but —(k’/k) curl P; for M is obviously a magnetic 
current density produced by motion of the doublet 
charges. The symmetry between electric and magnetic 


quantities is improved by using the Gaussian definitions 
of the magnetic vectors. 
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picturesque descriptions borrowed from anal- 
ogous problems in hydrodynamics. These devices 
are helpful if they are used properly, dangerous 
if they are taken too seriously. They have no 
bearing on the atomic interpretation or the 
“‘dimensions”’ of the vectors. 

The location of 47 and of the k’s in the equa- 
tions developed so far may be remembered by 
the following rule. Each electric or magnetic 
symbol represents either a source quantity (p, j, 
P, M), which describes the charge or current 
distribution at a point, or a field quantity (E, 
B, D, H), which describes the electric or magnetic 
situation produced at a point by charges located 
largely at other points. The constant k’ or k 
accompanies any operation that converts a 
source quantity to a field quantity. When the 
operation is the evaluation of a field quantity by 
summation or integration over the sources, k’ or 
k occurs alone. When the operation is the evalu- 
ation of the curl or divergence of a field quantity 
(or its equivalent a line or surface integral, as in 
the Gauss theorem) in terms of a source quantity, 
a 4x occurs also. 

If we prefer to get rid of the 4m’s and k’s in 
the differential equations, we may go back to 
Eqs. (3) and (4) and divide the k’s differently by 
putting a 47k’ or 47k in Eq. (3) and a 1/47 in 
Eq. (4). The new field vectors e, b, d and h will 
be the old ones divided by 47k’ or 47k, and we 
have, instead of Eqs. (14), (15) and (18), 


d=e-+P, h=b—M, (19) 


curl e=0, div b=0, (20) 


div d=p, curl h=j. (21) 
The 47’s and k’s also vanish from Eqs. (16) and 
(17); a factor 1/42 replaces the Rk’ or k of Eqs. 
(4)—(6) and (10)—(13). 

There is no point in choosing a combination of 
vectors, such as E, d, B, h, that puts the con- 
stants partly in one set of equations and partly 
in another. Unfortunately, such a procedure has 
been recommended by the A.A.P.T. Committee 
and has found its way into textbooks. With this 
mixed set of vectors there is no longer a simple 
rule for remembering the location of the con- 
stants, and the discussion of §2 becomes en- 
tangled in irrelevant and meaningless symbolism. 
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§4. SPECIAL MATERIALS 


To solve a problem on dielectrics or magnetic 
materials, we must know the functional rela- 
tion D(E) or B(H). In most nonferromagnetic 
materials the assumption that this relation is 
linear is a good approximation, supported both 
by experiment and by atomic theory.’ The 
further assumption usually made, that the 
material is isotropic, is a poor approximation for 
some solids used in practice and is inapplicable 
to crystals. For linear isotropic materials 
D=cE, B=yzH, where « and yu are independent 
of the fields. Being dimensionless, « and yu are 
also independent of the units, and they may be 
defined equally well by d=ce, b=wh. The dif- 
ferential equations for linear isotropic materials 
are 


curl E=0, 
div (€E) =4rk’p, 


div (uH) =0, (22) 
curlH=4rkj. (23) 


The removal of ¢ and yu outside the operators div 
and curl is permissible only in a region where 
they are independent of position, that is, in the 
interior of a homogeneous body at a uniform 
temperature. In the inhomogeneous transition 
layer at the surface, the equations just given 
lead to the familiar ‘‘boundary conditions” as 
limiting cases. 

In a homogeneous linear isotropic medium, 
Eqs. (22)-(23) expressed in terms of E and B 
are the same as without the medium except that 
p is replaced by p/e and j by yj. It does not 
follow in general that the resulting E or B is 1/e 
or w times the value without the medium. It 
does follow if a single homogeneous linear iso- 
tropic medium fills all portions of space where 
there is a field. This condition is satisfied by 
conductors immersed in a dielectric, but not by 
nonconducting charged or polarized bodies im- 
mersed in one (since the dielectric is excluded 
from the interiors of the bodies). It is also satis- 
fied by a ring specimen of magnetic material 
surrounded by a toroidal winding. In most cases 
the solution of the problem is much less simple. 
The commonly encountered statement of thé 
Coulomb law for charged bodies immersed in a 
medium, F.=k'gq’ro/er?, with e in the denomi- 
nator, is correct only as an approximation when 


Van Vleck, Electric and 
(Oxford, 1932). 


magnetic susceptibilities 
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the dimensions of the bodies are small compared 
with the distances between them and when the 
medium has the very special properties already 
enumerated. The usual statement of it appears 
to imply the following conclusions, all false: 
(1) that it has general enough validity to serve 
as a basis for a complete macroscopic theory of 
electrostatics; (2) that it is theoretically exact 
in the sense in which Eq. (1a) is exact; (3) that 
it describes some mysterious ability of the 
medium to alter the force exerted by one charge 
on another; (4) that if it is summed over all the 
charges g of one body of finite volume immersed in 
a dielectric, and over all the charges gq’ of another 
such body, the result is a correct expression for 
the total force exerted on one of the bodies in the 
presence of the other and of the dielectric. Ac- 
tually, (1) this equation is useless for anisotropic, 
permanently polarized or piezoelectric sub- 
stances, and for systems in which different 
dielectrics fill different regions. or in which a 
dielectric is subject to inhomogeneities, including 
temperature gradients; (2) theoretically (and the 
theory is confirmed by experiment), the linear 
relation between polarization and field—on which 
the equation in question depends for its validity 
—is only an approximation and ceases to hold at 
high fields; (3) the equation describes not the 
force exerted on g by the charge q'—this force is 
always given by Eq. (1a), whether or not a 
medium is present—but the resultant force 
exerted by gq’ and the polarized molecules of the 
dielectric, together; (4) in the special cases in 
which this additive effect of the polarized mole- 
cules is equivalent to multiplication of the original 
force by 1/e, the equivalence depends on the fact 
that the dielectric may, without appreciable 
error, be supposed to fill all space; for noncon- 
ducting bodies whose volumes are an appreciable 
fraction of the cubes of their mutual distances, 
this supposition is no longer justified, and the 
effect of introducing a dielectric is more com- 
plicated than a mere decrease of every force in 
the ratio 1/e. 


At the other extreme is the temptation to apply the 
Coulomb law with a factor 1/e to isolated ions surrounded 
by polarizable molecules. Obviously, the macroscopic 
theory affords no justification for such a procedure; the 
“point charges’ for which the formula is valid must, 
indeed, be small compared with their distances of separa- 
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tion, but they must still be large enough to justify the 
treatment of the dielectric as a continuum. The ion problem 
must, therefore, be attacked by returning to Eq. (1a) and 
taking account of the atomic structure of the medium. If, 
in special cases, a formula like that of the macroscopic 
theory is obtained, it is a new result, which could not have 
been derived from (though it may have been suggested by) 
the macroscopic theory. 

The quantities 4rk’/e and 4rky occur in problems on 
homogeneous linear isotropic materials. It may be con- 
venient in such problems to represent them by single 
symbols, to regard them as constants of the material, and 
to regard 4k’ and 47k as the special values assumed by 
them in vacuum, which thus becomes a special “material.” 
This figure of speech has its place in the treatment of such 
special problems. It has no place in the basic equations of 
the theory: here k’ and k are simply proportionality con- 
stants in the fundamental laws of force. If the vectors e, 
d, b, h are used, the combinations 47k’/e and 4xku do not 
occur often enough to warrant the introduction of special 
svmbols for them. 


§5. Units AND SysTEMS OF UNITs 


We must discuss separately units of charge and 
complete systems of units. The common units of 
charge are the Gaussian (G) (also called electo- 
static), the Lorentz-Heaviside (LH), the electro- 
magnetic (em) and the practical unit or coulomb. 
The first three are so chosen as to make k’=1, 
k'=1/4r, and k=1, respectively, when the 
mechanical units are cgs. The coulomb is 1/10 
of an em unit. It follows that when the coulomb 
is used with mks mechanical units, k=10-7 
newton/amp? and .k’=kc?=10-7X(3X108)?=9 
10° newton meter?/coul’. 

The only complete systems of units and symbols 
now in common use are the G, LH, and mks- 
coulomb (mksc) systems. Equations (1)—(18) and 
(22)—(23) are correct in the mksc system with the 
proviso that the symbols D, H, m and M must 
have the meanings assigned to them here. The 
G and LH systems divide the constants differ- 
ently in the magnetic equations, in such a way 
as to give each magnetic quantity the same 
dimensions as the corresponding electric quan- 
tity. To obtain the general equations for systems 
of this sort, we replace k by k’ and write 1/c in 
front of each symbol that represents a velocity, 
a current or a current density, or (in the complete 
field equations) a time differentiation: thus Eq. 
(16) becomes curl B= 47k’ (j/c+-curl M).'!® Then 

16 Setting k =k’ gives the equations of a system in which 


the units of charge, force and distance are the desired ones, 
but the unit of time is the time it takes light to travel 
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k’=1 gives the G system and k’=1/47, the LH 
system. 

The original equations with k’=1 give the 
electrostatic system, with k=1, the electromagnetic 
system, except that some magnetic quantities in 
the former and electrostatic quantities in the 
latter differ from ours by constant factors. The 
electrostatic system is little used outside of elec- 
trostatics, where it is identical with the Gaussian. 
The electromagnetic system is used chiefly in 
circuit theory to avoid the Gaussian c’s; the 
equations needed for this purpose may be ob- 
tained from the Gaussian by the substitutions 

d=CQem, 4=Ctiem, j=Cjem, E=E.n/c. For practical 
purposes, these two systems, as such, may be 
ignored altogether, and the few electromagnetic 
units that are needed and that differ from the 
Gaussian may be introduced in the manner just 
indicated. The usual procedure—introduction 
of the G system as a ‘“‘combination’’ of the elec- 
trostatic and electromagnetic—is indirect and 
misleading. 


The mksc equations may be expressed in terms of d and 
h (the “D” and “‘H” of the A.A.P.T. Committee report) 
by the substitutions D=4z7k’d, H=4rkh; and in terms 
of vectors d’=E/k’+4xP, h’=B/k—4aM (the “D” and 
“H”’ of some writers) by the substitutions D=k’d’, 
H=kh’. Those who insist on putting the ‘material’ 
properties of empty space into the fundamental equations 
may make the further substitutions k’=1/47eo, k=yo0/40 
when d and h are used, or k’=1/eo, R=uo when d’ and 
h’ are used; then e and yz are to be written e, (or x) and 
br, or €/eo9 and w/o, and M is to be replaced by M/yo.!” The 


unit distance; the factors 1/c convert the ordinary veloci- 
ties, currents, etc., to this new time scale. The system used 
by Mason and Weaver differs from the LH system in that 
the 1/c is not written in front of current and current 
density but is put, instead, into the formulas for these in 
terms of charge and time. 

17 If two long, thin magnets with uniform magnetic 
moments per unit length, mo and mp’, are separated by 
distances large compared with their thicknesses, the 
equivalent magnetic charge distribution given by Eq. (9) 
reduces to magnetic point charges mo, my’ at the ends 
or poles of the magnets. These fictitious charges may be 
used to compute the forces exerted by the magnets on each 
other; and if the magnets are immersed in an infinite 
homogeneous linear isotropic magnetic medium, the 
atomic circuits in the medium may be replaced by the 
equivalent doublets, since points inside the magnets are 
‘‘outside’”’ the medium in the sense of §2. By analogy with 
electrostatics, therefore, the repulsive force apparently 
exerted by the positive poles on each other is kmomo’/yr’. 
If the reciprocal of the coefficient of momo’ /4xr* or of 
moms’ /r* is defined as the ‘absolute permeability” of the 
medium, we see that the absolute permeability is u/4rk 
in the one case and p/k in the other. This differs from the 
“absolute permeability” for current circuits of negligible 
thickness immersed in a medium. which is defined on the 
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writer can see no reason for using these symbols if the 
object is to give a faithful description of phenomena rather 
than to force the phenomena into a traditional framework 
of jargon and symbolism. 

“H”’ in the electrostatic system and ‘‘D”’ in the electro- 
magnetic vary somewhat with the author but are likely 
to be h’ and d’ or d. The last is based on Maxwell’s 
mechanical theory of electricity in which a polarization P 
was attributed to the dielectric and an additional polariza- 
tion E/4xk’ to the ‘‘ether’’; the total, d, was the ‘‘electric 
displacement.”” An obsolete theory is scarcely an adequate 
basis for definitions when we are constructing a new 
system of units and equations. 

In the LH system D and dare identical, and ‘“‘rationaliza- 
tion” is accomplished without having to put a 4 into Eq. 
(3). It is in an attempt to generalize the LH rationalization 
that the mixed vector system E, d, B, h has been intro- 
duced. But the logical generalization is the system e, d, 
b, h, which in mksc units means abandonment of the volt, 
ohm, farad and henry. If this is too radical a step to take, 
then we may as well admit that we are unwilling to pay 
the price of rationalization. The number 47 does not cease 
to be 4r just because somebody decides to call it 10%yo. 


Dimensions require little comment. If force, 
length, time and charge [F, L, T, Q] are taken 
as fundamental, the electrostatic Eq. (16) may 
be checked dimensionally as follows. On the left, 
div is a differentiation with respect to distance, 
dimensions [1/L]; E by its definition is [F/Q]; 
resulting dimensions, [F/LQ]. On the right, k’ 
by Eq. (1a) has dimensions [FL?/Q?], p has 
dimensions [Q/L*]; product, [F/LQ], which 
checks. Electric moment is [QL], and P is 
therefore [QL/L*]=[Q/L*], so that divP is 
[Q/L*], the same as p. This method of checking 
is useful in the general equations and in the 
mksc system. When k or k’ is assigned a value 1 


basis of Eqs. (22)-(23) as 4xku or ku. In order to bring 
the two ‘‘absolute’”’ permeabilities into agreement when k 
is neither 1/4 nor 1, it is necessary to define magnetic 
moment not as iS but as 4rkiS (‘‘rationalized’’ mks 
system) or kiS (electrostatic and “‘unrationalized’”’ mks 
systems). The writer contends that the absolute perme- 
abilities have no physical significance and, therefore, that 
there is no reason for bothering to bring them into agree- 
ment or even to define them; that, in fact, it is better not 
to bother, because to do so implies the physical importance 
of concepts whose actual physical importance is nil. 
Incidentally, the definition of a pole as an end and of 
pole strength as magnetic moment per unit length makes it 
unnecessary to conjure the pole into existence by dissection 
of a fictitious doublet. Poles as thus defined exist ‘in 
nature; magnetic charges are fictitious. The law of force for 
magnets immersed in a medium can be derived equally 
well by using the equivalent circuits; the apparent dif- 
ference in behavior between a magnet and a coil is due 
entirely to the fact that the magnet excludes the medium 


from its interior, where the magnetic induction is very 
large. 
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or 1/42, whose presence or absence in an equa- 
tion is either of no consequence or not capable 
of verification by the dimensional method, it 
may conveniently be made dimensionless. Charge 
thereupon receives mechanical dimensions, dif- 
ferent in the electrostatic and in the electro- 
magnetic systems, so that conversions from one 
system to the other may also be checked to some 
extent by the dimensional method. 


§6. CONCLUSION 


The writer is not arguing for or against the use 
of mks units, for or against rationalization. He 
believes that whatever units are used, the equa- 
tions should be developed in a general enough 
form to be valid (with as few changes as possible) 
in other units as well; and that whether the 47’s 
are put in the integral equations or in the dif- 
ferential, they should all be put in the one or all 
in the other—and a person should know where 
they are. His rejection of the D, H, €9 and uo of 
the A.A.P.T. Committee report has been based 
on these principles. 

If the theory is developed in the manner out- 
lined here, calculations in the mksc system can 
be carried out by direct use of the general equa- 
tions, by merely inserting the numerical values 
of k and k’. At the same time, the special forms 
of the equations corresponding to other systems 
can be obtained easily by the rules given in §5. 
The rule for location of the k’s and 47’s is simple, 
and the only numerical constants that must be 
remembered in the mksc system are the speed of 
light (which must be remembered in any system) 
and 10-’; the relation k’ = kc? is easy to remember, 
for k’ in the equation for electrostatic force takes 
the place of k and two velocities in the magnetic 
equation. Whether the unrationalized system of 
vectors E, D, B, H or the rationalized system e, 
d, b, h is used, Rk’ and k are the most convenient 
constants. The splitting of the rational fraction 
10-7 into two factors, both irrational, is no aid 
to the memory and is a curious interpretation 
indeed of the word ‘‘rationalization.”’ 

The writer wishes to express his appreciation 
to Professor C. W. Ufford of Allegheny College 
for a number of stimulating discussions and for 


helpful criticism of an earlier version of this 
article. 





Teaching Engineering Physics 
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OME time ago I read a description of a pro- 
jected super-automobile highway to be built 
across the continent. Its many features included 
an arrangement for cars to get on the highway at 
intervals of ten miles, and if one coming off had 
gone past the station for which toll had been 
paid, extra fare was collected. Once on the high- 
way, the driver selected the lane-appropriate to 
the speed at which he wished to drive. As the car 
sped along, stationary road lights operating auto- 
matically illuminated the road a distance ahead 
that was proportional to the car’s speed. If 
another car approached too close behind, red 
highway lights gave the proper warning, etc., etc. 
This was, indeed, the super-highway. In reading 
the article, I noted two outstanding character- 
istics. First, the designer claimed that he had not 
incorporated any device or construction plans 
that had not already been used and tested on 
other highways. Second, the road had not been 
built; it was only a projected super-highway. 

In this discussion of the teaching of engineering 
physics, it is intended that the design shall 
comply with the first of the preceding character- 
istics. Also, so far as is known, no course like it 
has been built. 

It is assumed that every teacher has objectives. 
Sometimes they have been carefully and ex- 
plicitly formulated. More often they are implicit 
and hazy; the teacher merely teaches a course. 
There follows four objectives which, in my 
judgment, engineering physics should strive to 
reach. 

Objective 1.—A thorough mastery of the basis of 
general physics. This is a generalized and fairly safe 
statement until one attempts to explain what it 
means. By it, I mean three things: (a) an under- 
standing of the abstract principles; (b) recogni- 
tion and ability to use these principles in 
theoretical problem situations; (c) ability to 
identify these textbook principles with the ones 
actually operating in engineering situations and 
to use them in these actual situations. 

Objective 2.—The student should learn a great 
deal about the measuring instruments of physics 


that are useful to the engineer, and should develop 
some skill in handling them. 

Objective 3.—The student should develop a sci- 
entific attitude. This is another safe generalization 
that practically every science teacher includes in 
his objectives. However, I shall leave this safe 
ground and attempt to specify what a person 
having a scientific attitude will do. One who has 
a scientific attitude will know the nature of 
evidence and the necessary and sufficient condi- 
tions for establishing a fact. Concerning an 
allegation drawn from data, he will be able to 
judge whether the evidence is sufficient to make 
the statement true, probably true, probably false 
or certainly false, or whether the evidence is 
insufficient to make. a decision. In brief, one 
having a scientific attitude knows the necessary 
and sufficient conditions for proof. 

The individual with a scientific attitude will 
seek new data on old, unsolved problems and 
will treat these and all other data objectively. 
He will see and recognize scientific principles 
operating in everyday life. He will show an active 
interest in learning about new things—how they 
operate and where the ‘‘mainspring”’ is—and will 
evidence this interest in his conversation and his 
reading. He will also devise methods for testing 
his theories. This is what I mean by a scientific 
attitude. 

Objective 4.—The course should kindle the 
imagination and fire the creative abilities of the 
students. 


TEACHING TOOLS AND ASSETS 


Let us inventory some of the tools and assets 
that the teacher brings to the task of teaching 
engineering physics. 

1. It is now possible to make a fairly accurate 
prediction of what the sophomore engineer will 
achieve in terms of grades in engineering physics 
before he enters the first physics recitation; that 
is, the teacher can, if he wishes, make a fairly 
accurate estimate of the quality of the raw ma- 
terial before him. The knowledge that students 
are prospective A’s, B’s, C’s or D’s should be 
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useful because instructional methods can and 
should be modified to suit the students’ indi- 
vidual needs. 

For some years many studies have been con- 
ducted in attempts to determine what character- 
istics make for success in college physics. The 
best judgments of objective teachers indicate 
that some of the characteristics are: ability to 
handle symbols in mathematical equations, gen- 
eral interest in physical science, ability to employ 
abstract logic, ability to comprehend reading 
material (so-called reading comprehension) and 
ability to visualize mechanical and geometric 
forms. 

It was upon four of these characteristics that 
the first Iowa Physics Aptitude Test (1926) was 
based. Part One of the test dealt with mathe- 
matical preparation; Part Two, with reading 
comprehension of physics materials; Part Three, 
with ability to employ abstract logic; and Part 
Four, with interest in physical science. Repeated 
analyses of the results of these tests force us to 
conclude that Part One, mathematics training, 
and Part Four, interest in physical science, are 
the only parts contributing significantly to the 
ability of the whole test to predict success in 
physics. These two parts taken together, have a 
high predictive ability. A mathematics test has 
also been devised that inventories the specific 
abilities used in college physics. When the 
physics aptitude test is taken together with the 
mathematics inventory test, highly accurate 
predictive results have been found. 

L. L. Thurstone, the psychologist, has clas- 
sified and provided ways to measure the alleged 
human intellectual faculties as follows: form per- 
ception, or the ability to identify identical forms 
in line drawings; the number factor, measured 
by the ability to divide, multiply and add; the 
verbal factor, measured by one’s vocabulary; the 
space factor, measured by the recognition of 
forms in line drawings that have been rotated and 
translated out of their original patterns; the 


memory factor, measured by how well one. 


associates names and numbers; the inductive 
factor, measured by ability to discover the 
common quality in a figured pattern made from 
associated line dashes; and the reasoning factor, 


1C. J. Lapp, J. Eng. Ed. 28, 222 (1937). 
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measured by the ability to predict possible 
motions of mechanical devices. Thurstone main- 
tains that these are the primary mental abilities. 

The space factor comes closest to measur- 
ing what some investigators have called visual 
imagery. Teachers of physical science and en- 
gineering seem agreed that the ability to build 
and hold images of geometric figures is a factor 
of primary importance; but, so far as is known to 
the writer, all attempts made to prove that this 
factor makes for success in physics have been 
conspicuously unsuccessful. In recent measure- 
ments made on 170 freshmen engineering students 
in Pennsylvania State College, Thurstone’s space 
factor showed a correlation with grades in fresh- 
man engineering subjects of only 0.23. However, 
it was determined that the spatial relations 
factor was more highly developed in these stu- 
dents than in the average high school senior. 

Last year our Department of Physics con- 
ducted a rather elaborate testing program using 
the Minnesota paper form board test in an effort 
to determine the usefulness of a visual imagery 
test for predicting success in college physics. The 
correlation coefficient between the tests and the 
semester’s physics grades was 0.26. At least three 
other studies have been made in the University 
of Iowa in an attempt to determine what part 
this factor played in success in college physics. 
The studies were conspicuous for their negative 
results. The writer is quite baffled by these find- 
ings, as it certainly seems reasonable to believe 
that the ability to build and hold geometric 
images while one works with them is a strong 
factor in the mental equipment of successful 
scientists and engineers. 

The writer also finds that the scorés on the 
general tests for reading comprehension given to 
freshmen entering the University of Iowa appear 
to have no significant correlation with academic 
success in college physics. However, these reading 
scores correlate very highly with academic 
success in subjects such as history and sociology. 

The performance of the last 200 engineering 
students who took physics at the University of 
Iowa and whose freshman mathematics and en- 
gineering drawing records were available have 
been analyzed with the following results. The 
correlation coefficient for the mathematics and 
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physics grades is 0.68. The correlation coefficient 
for the physics grades and the mathematics and 
engineering drawing grades taken together is 
0.70; that is, the predictive value of the mathe- 
matics grade is only slightly enhanced by the 
inclusion of the drawing grade. In Fig. 1 each 
bar chart shows the distribution of physics 
grades for the group making a particular mathe- 
matics grade. In these charts grades A, B, C and 
D are represented by the numerals 4, 3, 2 and 1, 
respectively. The abscissas represent physics 
grades, while the ordinates represent the number 
of students involved. Thus, the diagram in the 
upper left-hand corner indicates that the 20 
students who made A in mathematics had 
physics grades distributed as follows: 6 made A, 
both semesters, 6 made A one semester and B 
the other, 5 made B, etc. 

It appears from these results that, if the 
physics teacher wishes to section engineering 
students on the basis of their probable per- 
formance, it can be done with a high degree of 
reliability on the basis of their mathematics 
grades. 

2. Engineering students generally are able 
tudents. 


This has been shown repeatedly by comparing the fresh- 
man entrance-test scores of engineering and other students. 
For eight years the Cooperative Test Service has dis- 
tributed carefully prepared examinations in college physics 
that have been taken by tens of thousands of students in 
at least 500 different institutions. The achievement has 
been analyzed by groups, and in every case the achieve- 
ment of the engineering students has stood substantially 
above that of any other group on all of the divisions of 


LAPP 


rr Math Grade Point | 
NO 14 


5 


OS! 19 235 3 354 


Math Grade Point .£ 

= Fic. 1. Distribution of 
physics grades for the group 
making a particular mathe- 


oes tvwaws /. matics grade. 


ai Math Grade Point O 
Melo 
5 


os |} FW 2 Ww yay 


physics except modern physics. This one exception is 
doubtless due to lack of instruction in that subject matter. 
These results would probably be even more conclusive if 
the tests had been difficult enough to give the engineering 
students opportunity to demonstrate their full superiority. 
Experienced teachers agree that it is much more stimulat- 
ing to teach able students than dull ones. Also the able 
student requires less of the ‘‘pick-and-shovel”’ type of work, 
hence the teacher has more time available for the use of 
teaching methods designed to achieve Objectives 3 and 4. 
Therefore, the high native intelligence should be treated 
as a distinct asset. 


3. Never in the history of physics teaching has 
there been so much good lecture demonstration 
material available as at the present time. 


Articles on modern and successful lecture demonstrations 
are continually appearing in the American Journal of 
Physics. The sponsorship by the American Association of 
Physics Teachers of the book, Demonstration Experiments 
in Physics (McGraw-Hill) has added very substantially 
to the literature of the field. Demonstration apparatus and 
instruments are readily available. This part of physics 
teaching is abundantly supplied with such materials. 


4. A larger variety of problem materials is now 
avatlable than ever before. 


New books are continually being published; and although 
a great deal of repetition occurs, each new book is con- 
tributing in varying degrees to the worthwhile problem 
material. 


5. In recent years the motion picture has become 
an educational tool which cannot be denied its 
rightful place in teaching. 


General Electric, Westinghouse, Eastman Kodak, United 
States Steel, Erpi Sound Films, Inc. and others have pro- 
duced a large number of films of varying value, many of 
which are exceedingly useful in teaching. 
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6. There is coming into existence a great deal 
of reading material which has high value. 


Examples are McGee’s Source Book in Physics, the many 
volumes on industrial applications and on modern physics, 
and the survey articles of elementary and intermediate 
grades now appearing in various scientific journals. Each 
year the lay periodicals carry increasing references to 
physics, stressing the increasing importance of its applica- 
tions. These available library readings are assets which I 
fear have been overlooked by too many teachers. 


It is not pretended that these are the only 
teaching tools and assets of the physics teacher. 
The ones listed, however, are of primary im- 
portance; and the present-day teacher of en- 
gineering physics will do well to consider seriously 
how the items listed can be used to improve and 
modernize his methods of instruction. 


BOUNDARY CONDITIONS 


The term boundary conditions is not borrowed 
from the vocabulary of the professional educator 
but here has the same meaning as when used in 
connection with a problem situation in physics. 
It means the limiting conditions that must be 
recognized and satisfied by a satisfactory solution 


—the conditions under which the teacher of 
engineering physics must, of necessity, operate. 
Some of the important ones will be listed. 

1. The students are usually sophomores who 
are taking calculus concurrently. They have a 
heavy schedule that makes severe demands on 
their time. Some of their classes demand material 
to be handed in, much of which is easier and more 
fun to prepare than the physics assignments. The 
physics professor has a lien on about 15 hours per 
week of the student’s time and, if he is to get it, 
must be both wise and persistent. Carefully con- 
sidered lesson assignments must be made in 
terms of the difficulty of the material to be 
covered and a check-up system of some sort 
enforced to guarantee daily preparation. This 
system must begin functioning the first day and 
continue reasonably but relentlessly. There will 
be plenty of competition for the student’s time. 

2. The sophomore engineer is trade conscious; 
he lustily sings ‘‘St. Patrick was an Engineer”’ 
and wants it known that he belongs to the crowd 
that ‘‘screwed the lawyers to the bench.’’ The 
immediate desire to be taught things that are 
obviously utilitarian is so strong in his mind that 
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he frequently becomes vocal; but, vocal or 
repressed, the attitude is present and with it a 
reckoning must be made. The wise teacher will 
attempt to satisfy, rather than repress, this 
attitude. 

3.2 There are certain elements in one of the 
theories of learning that can be treated as 
boundary conditions. Industrial processes pro- 
ceed at an optimum rate when regulated and 
controlled by one who knows their bases. 
Similarly, other things being equal, student 
learning in a classroom proceeds faster when 
directed by one who understands the laws of 
learning. It would seem that there are at least 
three places in this area where teaching breaks 
down. 

(a) Learning 1s connecting.—There is a stimu- 
lus and a response; the connection between the 
two is called a bond. A child sees the letter A and 
the teacher urges the child to make the sound A. 
The stimulus is a blotch of black on a piece of 
white paper and the response is the sound A. In 
a similar way, there is a different stimulus and a 
different response for other blotches of black. 
Three particular blotches are taken together and 
the response is the word boy. That is just the 
point. One stimulus has been made from three. 
Small bonds are continually and quite uncon- 
sciously being made into large ones. The minds 
and nervous systems of violin players, expert 
stenographers and teachers are well stocked with 
big bonds made from hundreds of smaller ones. 

Learning ordinarily proceeds by small, definite, 
logical steps. Many small bonds are made which 
attach themselves to others to form a chain. If 
the thing learned becomes commonplace with 
usage, all of the links may be fused into a single 
big link or bond. If the possessor of the big bond 
teaches this particular area of learning he may 
inadvertently omit some of the steps necessary to 
a new learner and at that point he and the stu- 
dent will not understand each other. The teacher 
of physics states that the ‘‘conditions for equi- 
librium are that the vector sums of the forces 
and of the torques acting on a body are zero.”’ 
To the beginner, this statement is quite meaning- 
less, and several hours of careful study are usually 

2 The correctness of the statements in this section has 


been checked by Professor J. B. Stroud, Department of 
Educational Psychology, State University of lowa. 
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required before the conditions for equilibrium 
acquire meaning. This omission of necessary 
steps in instruction is one of the frequent causes 
of misunderstanding between teacher and stu- 
dent. If space permitted, many interesting illus- 
trations of this point could be made. 

(b) Identifiability.—The first thing a nervous 
system does with a stimulus is to try to identify 
it. There may be a strong stimulus-response bond 
in existence but it cannot act until the identity 
of the stimulus is established. A small animal 
approaching us in the twilight may be a pet 
kitten, a neighbor’s puppy or a polecat. The 
response that comes will depend on the identi- 
fication of the stimulus. Consider my friend’s 
three-year-old son who was much interested in 
airplanes. One evening he excitedly pointed his 
chubby finger to the sky and exclaimed ‘‘Air- 
plane, airplane, airplane—ah, birdie!’ In the 
middle of his sentence he had discovered a mis- 
taken identity. Identifiability comes strongly 
into all learning. Words do not always mean the 
same to different people, and even words with 
well-established meanings may be compounded 
into meaningless sentences. The phrase ‘‘time- 
rate of change of displacement”’ is not usually 
identified as velocity until the latter concept is 
well established. 


One of my teachers once tried to describe the forces 
involved in rowing a boat. As a language medium he used 
English and his hands. He appeared to apply forces to the 
oars and the boat, the boat applied forces to him and the 
oars, the water applied forces to the oars and the boat—and 
the oars applied forces to everything. It sounded like one 
verse of ‘Old Macdonald Had a Farm,” 

with a force, force here and a force, force there; 
here a force, there a force, everywhere a force, 

force, ... . 


If, for the motions of his hands, the teacher had substituted 
a good line drawing done with chalk on the blackboard, 
identification would have been easy. As it was, so far as 
I know, nobody ever discovered what he was talking about. 


A learning bond cannot be established between 
two points in a vacuum. A student must have a 
good square look at the thing to be identified, cut 
away from its surroundings, before he can be 
expected to identify it in another situation with 
new surroundings. A teacher bumps together 
ivory balls of two different sizes and says, 
“Behold, the conservation of momentum!” The 
student may not be sure whether it is the white- 
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ness of the balls, the sound of the impact, the 
transfer of energy or something else that is to 
be identified with conservation of momentum. 
Identifiability increases with repetition and with 
practice in identifying the things in question in 
new situations. Things may also be made more 
identifiable by close analysis where hidden 
features are brought into light. 

(c) Readiness ——If two stimulus bonds are of 
equal strength and both are stimulated, the one 
that is the more ready to act will give the stronger 
response. The response of eating comes easily if 
one is hungry and with difficulty if one is not. 
Learning is like that. The same student varies 
from time to time in his readiness to form new 
bonds, that is, to learn. Any emotion—fear, em- 
barrassment, anger, resentment—may bring 
about a state of unreadiness as does also fatigue, 
excitement, the anticipation of a coming vacation 
or an athletic contest. Many of these things will 
be recognized at once by the skilful teacher. But 
some of them, particularly some of the emotional 
situations, are difficult to analyze, appear at 
unexpected times and form effective blocks to 
learning in a classroom. If learning is to take 
place easily, there must be no emotional blocks 
between the student and the teacher. If the 
student feels that he has been treated unfairly, 
has not been given a chance to explain, has been 
graded too severely, has been embarrassed or 
caused to lose face before his associates, or if he 
thinks the teacher is an intellectual high-brow 
strutting before the class to display his learning, 
his superior intelligence, his fine voice or curly 
hair, the student cannot help forming an emo- 
tional block which is surprisingly effective in 
keeping him from being ready to learn. There 
must be a mutual feeling of respect and good 
will. The teacher must be respected in the intel- 
lectual, social and moral areas, to the point that 
if war were suddenly declared and the teacher 
were to become a commissioned officer in a 
company the privates of which were the members 
of his class, he would be perfectly safe with them 
at the front line trenches. Some of you know 
exactly what I mean. 

(d) Human forgetting.~—The fourth and last 


3This section has been checked by Professor J. A. 
McGeoch, Editor, Psychological Bulletin of the American 
Psychological Association. 
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of the learning boundary conditions of which 
account will be taken here is forgetting. Enough 
good experimentation has been done in this 
field to make possible the statement of the follow- 
ing conclusions with some certainty. In an unoc- 
cupied mind (undisturbed sleep) practically all 
of the forgetting occurs during the first two 
hours. Interpolated mental activity that is not 
associated with the event or thing to be remem- 
bered accelerates forgetting. Interpolated mental 
activity dealing with things or events of a type 
remote from the event or thing to be remembered 
interferes least, while the higher the degree of 
similarity of the interpolated mental activity 
to the thing or event to be remembered, the 
greater the interference. A class in calculus or 
theoretical chemistry after a physics lesson will 
cause more forgetting than a class in English or 
history. 

Forgetting is sometimes caused by a stimula- 
tion pattern that is altered from the one in the 
learning situation. An old friend in an unfamiliar 
suit of clothes or with a new mustache may be 
difficult to recognize. The watt, although a 
familiar term when found on the printed page 
with foot pounds and horsepower, might not be 
recognized when it appears with volts and 
amperes. Young’s modulus of elasticity in the 
elementary physics laboratory is usually associ- 
ated with a wire. It is not particularly surprising 
that this concept may not be recalled when it 
appears in connection with a beam in the 
mechanical engineering laboratory; the stimula- 
tion pattern connected with the concept has been 
extensively altered. 

This brings up a third point to be suggested in 
connection with forgetting. Forgetting occurs 
when the individual acquires a changed point of 
view, a new set of values, a changed attitude or 
goal or a different frame of reference. This is a 
second reason for the student’s not remembering 
about Young’s modulus of elasticity. He learned 
it as a physics student and is asked to recall it 
as an engineer. The more meaningful the material 


and the better it is learned, the less rapidly one 


forgets. To be. useful, material must be over- 
learned. Professors of engineering are continually 
saying that they cannot find a trace of evidence 
that junior engineers have ever had physics. For 
this situation, both the teachers of engineering 
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and of physics are to blame. As has been pointed 
out, learning may be thought of as the formation 
of chains having many links. These learning 
chains, like actual metal chains, are as strong as 
their weakest link. Many times single links in 
long and important learning chains are broken 
and the whole chain becomes unusable. The 
teacher of engineering who says he finds ‘‘no 
evidence of physics” means that he has found 
no complete chains. However, if he looks for 
them, he will find many broken chains which 
might be easily and effectively repaired. Again, 
the “lack of evidence’ may be due in part to the 
fact that the physics professor had not taught 
the student to identify these concepts in en- 
gineering situations. Also, all of the three factors 
that induce human forgetting have operated, 
particularly the last two—a changed stimulus- 
environment and a shifted point of view. 

These things are mentioned because it is quite 
certain that the foregoing analysis of this deplor- 
able situation is correct. When the causes are 
known and the mystery is taken out of a situ- 
ation, it is usually much easier to do something 
intelligent about it. 


MOTIVATION 


The application of certain general principles of 
motivation can be depended on to produce 
results in engineering physics. One of the most 
powerful motives is a feeling of achievement and of 
mastery. The old saw, “nothing succeeds like 
success and nothing fails like failure,”’ is literally 
true. The joy of achievement comes when one 
has done a job that is somewhere near to being 
commensurate with one’s abilities. Applied to the 
classroom, this means keeping the student oper- 
ating at the level of his ability, which in turn 
means plenty of labor for the teacher in outlining 
work that will enable the student to get going 
and keep going until the job at hand is done. It 
also means having small student sections of 
rather uniform ability. When new areas are 
approached, the work must be so graded in 
difficulty that the student will be able to get the 
first thing assigned. Success in the second may 
hinge on success in the first, and so on. If a 
student’s mind is actually used in the way that 
he can use it, one has little to fear about his 
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interest, because the individual 
enjoyment in the use of his mind. 

That this feeling of achievement may be based 
on a solid foundation, the student must be con- 
tinually appraised of the state of his success. 
Students who are doing reasonably well are 
often discouraged because of long delay in 
returning written work. The student has a right 
to know at all times where he stands, and 
a knowledge of achievement produces more 
achievement. 

A second powerful motive will operate when 
the student feels that he is getting what he needs 
and what will be valuable to him in his profession. 
Some salesmanship may have to be used to show 
him that his actual needs often are different from 
what he thinks they are; but, with the industrial 
and cultural applications of physics everywhere 
around us and with an ever increasing literature 
on the subject, that should not be a difficult task. 

Another motivator is the dramatization of 
physics. The history of science is full of dramatic 
stories of scientific battles fought and won. 
Through them can be traced the growth of 
ideas. If this is carefully presented, a student 
will see that ideas evolve logically and seldom 
haphazardly, that ideas even now are growing 
and that he may well have a part in the develop- 
ment of some of them. 

A powerful motive that can be used legiti- 
mately with some of the best students is that, 
other things being equal, there is a large positive 
relationship between academic achievement and a 
good job at graduation. 


finds basic 


DETAILS OF OBJECTIVES 

Objective 1.—Four objectives have been listed. 
The first of these is a thorough mastery of the 
bases of physics. The student of liberal arts may 
get along very well with a passive knowledge of 
physics. Not so with the engineer; his knowledge 
of physics must be a genuine working knowledge. 
It is agreed that knowledge, to be genuinely 
useful, that is, to be working knowledge, must 
be overlearned. There is a great deal of difference 
between a conversational knowledge of a subject 
and ability to use that knowledge logically and 
effectively. 

The first task for the physics teacher is to map 
out and set down the fundamentals in physics 
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about which the engineer must have a working 
knowledge. These must form the central core of 
the course. The teacher must know something 
about the inherent difficulties of each of these 
fundamentals and consequently apportion the 
time of the course in accordance with the dif- 
ficulties to be encountered. The textbook, lec- 
turer, laboratory, recitation section and perhaps 
also a problem section are factors operating 
together and must share the responsibility of 
getting the abstract principles out in the open, unat- 
tached to things. 


Experiments have shown that, for the student of average 
ability, this can usually be done by presenting illustrations 
of the principle, chosen from different fields and approach- 
ing the principle from as widely divergent angles as possible. 
For example, centrifugal force can be illustrated by a ball 
whirling on the end of a string, an automobile rounding a 
curve and a moving belt passing over a pulley. After these 
illustrations have been demonstrated experimentally and 
discussed with the aid of diagrams and equations, the 
average student can then be expected to recognize cen- 
trifugal force operating in an airplane looping the loop, 
a basket of eggs whirled over a child’s head or the moon 
moving in its orbit. Measurements have shown that three 
illustrations as just indicated are adequate in the majority 
of cases. 


After the principle has been abstracted, a 
demonstration should be given showing how it is 
identified and used in a problem situation. The 
student is then asked to use the principle in 
simple problems which he can easily solve, then 
in problems of increasing difficulty until he 
achieves mastery in most difficult situations. 
Finally, it is necessary to provide a maintenance 
program that will insure periodical reviews of 
this principle. At first, the review periods must 
not be too far separated in time. The more firmly 
the principle is established, the longer the time 
may be between review periods. If such a review 
maintenance program is systematically followed, 
the student will come to the end of the semester 
in full command of the things he has mastered. 

That the laboratory, lectures, recitations and 
problem work should be carefully correlated is 
evidenced by results of many questionaries and 
observations carried out at various institutions, 
and is in accord with the best principles of 
learning. From the principles of learning and 
forgetting indicated in earlier sections it is 
quite clear that as short a period as possible 
should elapse between the time a principle is 
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first contacted in the textbook or the lecture and 
the time of its validation in the laboratory and 
use in problem-solving. This is one of the points 
at which many college courses in physics could 
be easily and effectively improved. 

If a student is to be able to use physical con- 
cepts in actual situations, he must be taught to 
recognize these concepts when he encounters 
them.in a new framework. To do this, the concept 
should be thoughtfully analyzed to bring its 
features into bold relief, and then practice should 
be afforded in identifying the concept in many 
and varied problems built around actual appli- 
cations in actual situations. 

Educational psychologists have given us very 
discouraging accounts of experiments in the 
transfer of learning, and experienced teachers 
know how woefully small is the transfer obtained 
when there is high expectation for more. A 
chemistry teacher once complained that after he 
teaches his students to do proportion with apples 
they cannot immediately do it with potatoes. Of 
course, most of them cannot, for the identification 
is tied up with apples. But if he taught them 
proportion in connection with apples, fence 
posts and atoms, quite likely they would be able 
to apply it to books, chocolate sodas and force 
components. This element of transfer is so vital 
that, as teachers, we can afford to pay a high 
price in class time for it. The approach pointed 
out is in harmony with the best modern educa- 
tional psychology. 

Objective 2—The student should learn a great 
deal about the measuring instruments that 
physics has at its command and that are useful 
to the engineer, and should develop some skill in 
handling them. The whole laboratory situation 
needs so much careful consideration that no 
attempt will be made here to discuss it fully. 
Only a few remarks will be made. 

About 50 years ago there came out of an 
eastern university a list of 40 physics laboratory 
experiments that are still probably the single 
most potent power operating in shaping our 
laboratory practice. If only we could by some 
magic shake ourselves loose from those 40 ex- 
periments and start over again! But much money 
has been invested in laboratory equipment which 
must be used, and the laboratory manuals have 
been written more or less around these 40 experi- 
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ments which were designed before there were 
automobiles, radios, airplanes or x-ray machines. 
Can good reason be given as to why, in the 
laboratory part of engineering physics, the 
student should not measure the thermal con- 
ductivity of some of the modern insulating ma- 
terials, photograph the spark spectrum of brass 
and compare it with similar spectra of copper and 
zinc, obtain data on the drag-lift ratio of an 
airplane wing section, make x-ray photographs 
of a steel weld or run the temperature viscosity 
curves for lubricating oils? Can there be doubt 
that these would stimulate interest? 

Objective 3.—The student should develop a 
scientific attitude. Here I am reminded of a 
story. An artist, whose name I have forgotten, 
was exhibiting some of his paintings. One subject 
was a sunset over a Scottish heath. A lady re- 
marked to the artist, ‘‘I have never seen a sunset 
like that,” to which came the retort, courteously, 
“Don’t you wish you could?” 

The case for developing scientific attitude is 
not hopeless, however. Some things of interest 
can be said. Since 1933 a group of 30 high schools 
in various parts of the country have been carry- 
ing on a study of their curriculums with the 
assistance of a staff financed by the General 
Education Board. One aspect of the work has 
been the problem of the development of scientific 
attitudes. The best and most advanced technics 
of test-building have been used to devise methods 
of determining whether students could be found 
who were superior in the ability to interpret data, 
knew the necessary and sufficient conditions for 
proof, had an inner urge to seek new data about 
old unsolved problems, recognized scientific 
principles operating in everyday life: and evi- 
denced interest in the “go of things.’’ Such 
students were located, and it is not surprising 
that a higher percentage was found in some 
schools than in others. On examining the case 
histories of the students with best scientific atti- 
tudes, some definite things have been found. 
These studies are far from complete, and as yet 
are unpublished, but the findings so far appear 
to be about as follows:' 


4Stated by permission of the director of the study, 
Professor Ralph Tyler, Department of Education, Uni- 
versity of Chicago. 
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You are now becoming what you are going to be. 
A student who now knows how to interpret data is one 
who has been given practice in interpreting data. The 
one who recognizes scientific principles in everyday 
life is one who has been taught to identify textbook 
principles operating in everyday life, and rewarded for 
doing it. It appears to be as simple—or as difficult—as 
that. 


Objective 4.—A course in engineering physics 
should kindle the imagination and fire the 
creative abilities of the student. Concerning this 
objective it may be remarked again that ‘‘one 
is now becoming what he is going to be’’; and if 
the imagination is to be kindled and the creative 
abilities developed, then these things must be 


practiced and a student must not be punished 
every time his creative instincts lead him away 
from the beaten path. He must be given oppor- 
tunity and encouragement to follow leads and to 
interpret the results obtained from them. May 
it also be added that contact in the classroom 
and laboratory with a creative teacher will 
probably not hinder the development of these 
desirable traits. 

To teach in the way suggested would be ex- 
pensive in money and in teaching time. If the 
reader thinks that the administrative officers of 
his institution would be interested in having him 
spend time and money that way, the project is 
worth a trial, and I will predict decisive results. 


The Collision of Two Particles: Relativistic Collisions; Collisions Between 
Quanta and Material Particles 
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II. Relativistic Collisions 


N Part I,!° there was outlined a brief summary 

of the principal facts concerning collisions 
between two particles whose velocities are small 
enough to use ordinary classical (Newtonian) 
mechanics. In this section, we shall outline the 
corresponding laws governing high velocity col- 
lisions, using the principles of restricted rela- 
tivity. Practical interest in such collisions is 
aroused by the work of Champion and his 
collaborators who have observed such en- 
counters in the cloud chamber. 

The following outline of the fundamentals of 
restricted relativity” is given without proof; it is 
intended to refresh the reader’s memory and also 
to introduce the notation we shall use in dis- 
cussing collisions. 

These symbols will have the same meaning as 
in Part I: 


10 R. H. Bacon, Am. J. Phys. 8, 154 (1940). Numbering 
of references, figures and equations continued from Part I. 


uF, C, Champion, Proc. Roy. Soc. A136, 630 (1932); 
A137, 688 (1932). 

2 For a rigorous derivation and complete interpretation 
of Eqs. (16) to (26), see, for example, Tolman, Relativity, 
thermodynamics and cosmology (Oxford, 1934), pp. 1-58. 


m=rest mass of first particle, 

a=velocity of this particle before impact, 
u=velocity of this particle after impact, 
n=rest mass of second particle, 
b=velocity of this particle before impact, 
v=velocity of this particle after impact. 


Consider two observers, the second moving 
with velocity V with respect to the first. We shall 
denote quantities as observed by the first ob- 
server by the subscript ,; those observed by the 
second by the subscript ,. For convenience in 
printing, we shall write the Lorentz factor as 
c/(e?— V?)*. Then, if L be the length of a rod 
when measured by an observer at rest with it, 
its apparent length to another observer, if it 
move with velocity u parallel to its own length, is 


L,=L(e—u?)*/c, Lz=L(e—u,)*/c. (16) 


Similarly, if its mass as it appears to an observer 
at rest be m, and its total energy be W, other 
observers will find 


me=me)(e—ue)', —my=me/ (eu) 
W.=We/(e—u2)}, W,=We/(e—u,")', 


W.=m.c and W,=m,c*. Its 


(17) 


where W=mce, 


kinet 


In: t 
expr 
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kinetic energy will be 


c 
E,=W.-W=me| — -1], 
(?—u,?)! 
(18) 


¢ 
F,=W,-W=mel -—-1]. 
(c?—u,?)! 


In the limiting case of small velocities, these 
expressions reduce to the familiar classical ones. 

The momentum of a moving object is defined 
as follows: 


M,=m,u,= mcu,/(c?—u,?)?=mcen,, 
M,=m,u,=mcu,/(c?—u,?)?= men, 


(19) 


where the quasi velocities a@;, 8., ms, vs, @, By, Ny 
and v, are defined as follows: 


e,=a,/(cC—a,’)!, 
6.=b,./(c?—d,*)}, 
n,=u,/(C?—u,?)}, 
v,;=v,/(C—v,?)3, 


a,=a,/ (c?’—a,?) ,, 
6o= b,/(¢ a b,*) i, 
n= u,/ (?—1,”) J 
Ug= v,/(e sa v,°) i, 


(20) 


These quantities are more convenient to use, in 
many cases, than the true velocities. 

Having defined the energy and momentum of 
a particle, we can write the fundamental rela- 
tivistic energy-momentum relation, 


We=W+Mie, WP=W+Mc. (21) 


If T be an interval measured by a clock at rest 
with respect to some observer, the same interval 
will appear to our observers as 


T,=cT/(?—u?)}, Ty=cT/(e—u,?)'. (22) 


Now, let the coordinates used by the first 
observer be x;, ys; and 2,; those used by the 
second observer, x,, yg and z,; let the two frames 
of reference coincide at the time t,=/,=0; and 
let V be parallel to the x direction. Then, the 
coordinates of a point, as seen by one observer, 
will be related to those as seen by the other as 
follows: 


Xs=C(Xg+ Vtg)/(P— V*)!, 
Xy=c(x,— Vts)/(e— V?)}, 
Vs=Voq, 2s=2q, 

ts= (Cty +x,V)/[e(c?— V?)*], 
ty= (Ct, —xsV)/[e(2— V?)?#]. 


Since each observer measures length and time 
differently, their measures of velocity will be 


(23) 
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different also. Differentiation of Eqs. (23) gives us 


Usr=C(Uget+ V)/(?+u,-V), 
Usy = Ugyc(c?— V?)*/(c?+u,-V), 
Usz=Ug2c(c?— V*)3/(c2+u,-V), 
Ugz = C?(Usr— V)/(cC2—u,-V), 
Ugy = Usyc(c?— V?)*/(c2—u,-V), 
Ug: = Us2c(c?— V*)*/(c?—u,-V), 
Usz=dx./dts, tgz=dx,/dtg, 
Usy=dy,./dts, Ugy=dy,/dty, 
Usz=2,/dt,, Ugz=d2,/dt,. 


where 


Knowing the velocities as measured by one 
observer in terms of those as seen by the other, 
we can now derive some auxiliary relations: 


C—ueZ=C(c—u,*?)(e— V?)/(e@+u,:V)?, 


e—ug=e(e—ue)(e— V2)/(e—u,-V)?; (25) 


C+u,:V 
"c(e— v2) 


c—u,:V 


m,=m m,——————; 
c(c?— V?)3 


(26) 


M= 


M.2=(e¢/(?— V*)*\(M,2+m,V), 
M.y,=M,,, M,.=M,,, 
Myz=([e/(2— V2)#](M.z—m.V); 


Nez = Usz/(C?—u,")*=[c/(c?— V?)* Inge 

+(V/(e— V?)*](1+1,)!, 
Nsy= Nov, Nsz= Ngzs (28) 
Noz = Ug2/ (Cc? —ug?)*=[c/(c?— V?)* | nex 

—LV/(e— V*)#](1+9,.*)!. 


So much for the description of the dynamics of a 
single particle. In what follows, we shall use M, 
and M, to denote the sum of the momentums of 
the colliding particles, and W, and W, to denote 
the sum of their energies, so that our equations 
of motion, corresponding to Eqs. (1) and (2) in 
Part I, become 


M.=c[ma,/(2—a,2)!-+-nb,/(2—b2)!] | 
=c[mu,/(c?—u,?)'+nv,/(c?—v,2)*], 


W.=c[m/(2—a,?)'+n/(e—b2)*] 
=C[m/(?e—u2)'+n/(ce—v2)*]. 


In terms of the quasi velocities, these are 
M,=c(mea,+n6,) =c(mn,+nv,), 
W.,=c[m(1+a,")'+n(1+8,?)*] 

= ce [m(1 +n.*)'+n(1 +v,7)*]. (2r’) 

We cannot treat inelastic relativistic collisions 

in the same fashion as the classical ones; we 


(27) 


(1r) 


(2r) 


(1r’) 
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must know the origin or the fate of the energy 
difference, for the energy difference will possess 
mass and momentum. If, for example, this 
energy difference is a mere change in the heat of 
one or the other of the colliding bodies (or of 
both), then the rest mass of the particle con- 
cerned is changed, the total energy W of the 
system is unchanged and the interaction remains 
a two-body collision. 
The velocity of the center of mass is 


V.=M.,/(m.+n,) =M.c?/W,. (3r) 


Now, since the two observers measure mass, 
position and velocity differently, it is not immedi- 
ately obvious that an observer traveling with 
velocity V, will agree with the first observer as 
to the location and motion of the center of mass 
as seen by him. Therefore, let us choose an 
observer who does find the center of mass of the 
system to be stationary with respect to himself, 
and let his velocity with respect to the first 
observer be V,. Then, from Eqs. (29), 
M,z=0=[e/(— V,?)* ][M.z—(m.+n,) Vo], 
M,,= M.,= M,.= M.:=0, 


giving 
M,=([c/(c?— V,*)*][M.—(m.+n.)V,]=0, 


and hence 
V,=M./(m,.+n,)=V,=V. 


Therefore, while the two observers may not agree 
as to the exact location of the center of mass at 
any instant, they do agree as to its motion with 
respect to the first observer, and so we can drop 
the subscript on V and use the equations so far 
developed. 
Combining Eqs. (25), (26) and (27), we easily 
obtain 
W,= W,c/(e— V*)}, 
M.c=W,V/(e2— V?)}, 
W2-—MZc=W,?. 


Eqs. (4r) are the relativistic analogs of Eq. (4) 
of Part I, which states the relation between the 
kinetic energy in the center-of-mass system and 
the kinetic energy and momentum observed in 
any other system. In addition, Eqs. (4r) hold for 
any number of particles, and the third equation 
of this set is merely the fundamental energy- 
momentum relation, Eq. (21), restated so as to 
apply to a system of particles. 


(4r) 
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We shall use the symbols J, K and L as 
abbreviations for the following quantities which 
occur frequently : 


J=W2—M2c?+(m?—n*)c4, 
K = We — MZce+ (n? — m*)c', 
2 4Wm?ct= K?-4Wntct = L?. 


No subscript is needed on these symbols, as the 


quantities they represent have the same values 
for all observers. 


We shall number our equations to agree with 
the corresponding classical ones in Part I. 


(G) COLLINEAR COLLISIONS 


Here we can replace the vectors by their scalar 
magnitudes, so that 


ma,/(c?—a,?)'+nb,/(c2?—b,)* 
= mu,/ (c — Us’) 3 +nv,/ (c? — V,") J 


m/(c —aZ)}+n/(e— b,?)3 
=m/(c?—u,?)*+n/(c—v,?)*. (2ra) 


To solve these for u and v in terms of m, n, a and 
b, while easy enough, is not very useful, as the 
resulting expressions are long and unwieldy. 
A much simpler procedure is the following: 


Us=C?(ugt+ V)/(P+u,V), 
a,=c?(a,— V)/(e—a,.V), 


(1ra) 


Ug= —Qy, 


therefore 
us=[c?(2V—a,) —a,V?]/(P@+V?2—2a,V). (6ra) 


In the limiting case of small velocities, this 
reduces to u,=2V—da,, a relation obtained by 
applying the foregoing reasoning to the classical 
case; it may also be obtained from Eq. (6a). 
Substituting Eq. (3r) into (6ra), we have 


M,c(2W.—M,a,)—a,We 
W2+M22—2M.a.W, — 


u,= (6ra’) 


Since M,, W, and a, are known to begin with, we 
can now find u,. This is probably the simplest 
expression obtainable for u,. The corresponding 
equation for v, is obvious. 

Solving the equations analogous to Eqs. (1c) 
and (2c) in Part I, 


M.=c(mu,/(c?—u.2)*+nv,/ (ce? —2,2)*], 
W.=0[m/(?—u*)'+n/ (ce —v,)*], 


(1rc) 
(2rc) 
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we obtain where the two upper signs go together, and where 


“s er os ee ae the meaning is the same as in Eqs. (6c) and (7c): 
t= AW Macwet IL) (P+ tet M te), (Gre) if one pair of signs tells what happened after the 
0.=c(4W,.M,cn?c'F KL) /(K?+4n’c!Mc*), (7rce) collision, the other tells what happened before. 





It is somewhat easier to use the quasi velocities. Then our equations corresponding to Eqs. (1a) 
and (2a) of Part I become 


Mas+nB.=mns+Nvsz, (1r’a) 
m(1+e,”)i+n(1+6,2)3=m(1+7.2)?+n(1+v,)}. (2r’a) 


The solutions are 


2mnB,+ (m?—n?)as+2n78,{[(1+a2)(1+8.) ]}}—a.Bs} 
P m?+n?+2mn{[(1+az)(1 +82) }}—anB.} 
and a similar expression for v,. Then, since 
us=nc/(1+n.")', 


we can consider the equations solved for u, and v, also. These equations have the advantage that they 
reduce to the form of Eqs. (6a) and (7a) in the limit of very small velocities. However, 7; is a pure 
number, not a velocity, and such similarities should be used with caution. 

It is easily shown that the quantity 


Ns (6r’a) 


(1 +a,")(1 +B.) } =e 6. =(?—a,- bs)/L(?- a;?) ~ b.*) }} 
is the same for all observers; that is, 


C(1 +a,7)(1+8,7) }#}— Q,° 6,= Ca +a,?)(1 +£8,*) }}— Qs- Gs 


(?—a,-b,)/[(e—a,?) (ce? — b,*) t= (2? —a,- bs) /[(P—a?) (CP? — 0") }}. 
Since this is the same for all observers, it is likewise the same for the observer moving with one of 
the particles, so that it enables one to find the relative speed of one of the particles with respect to 
the other. Further, the quantity is the same before and after the collision if the total energy W, is 
unchanged, so that we may write 

[(1+a,?)(1+8,7) }}— a.-6.=[(1+n.7)(1+.2) }}—ns-us, 

(c?—a,-b,)/[(?—a,*) (CP? —b,?) t= (c?—us- Ve) /[(c?— us") (c?— 0,7) }} 

as a relativistic analog of Eq. (5a) in Part I. 
Given the equations 
M,=c(mn.+n0,), (ir’c) 


W.=C[m(1+72)'+n(1+v2)*], (2r’c) 
the solutions are 

ns=(JM.c+ W.L)/2mce(W2— Mc’), (6r’c) 
vu, = (K M.c¥ W,L)/2ne2?(W2— Mc), (7r’c) 


where again the two upper signs go together, and the meaning is the same as in Eqs. (6c) and (7c). 
It is obvious that the momentums and the energies, and also the observed masses, are more easily 
obtained from Eqs. (6r’c) and (7r’c) than from (6rc) and (7rc). 


If m=n (if the rest masses are alike), the particles merely exchange velocities in a collinear elastic 
collision, as in the classical case. 


(H) OBLIQUE COLLISIONS 


This section corresponds to Section (E) in Part I. The equations for the most general type of 
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(a) men 


Fic. 6. Momentum relations in elastic collisions between particles of very high velocity, obeying relativistic mechanics: 
(a) relativistic analog of Fig. 1(a), Part I; the more massive particle is at rest in the observer’s frame before the collision; 
(b) relativistic analog of Fig. 1(c); the less massive particle is initially at rest; (c) and (d), same collision as that of Fig. 
6(a), but as seen by two other observers; these are analogs of Figs. 3(a) and 3(c), but with the ratio of the masses reversed. 
¢, and y, are the angles between the final directions of motion, as observed in the center-of-mass system, and the direction 
of motion of the center of mass with respect to the other observers; ¢, and y, are the angles between the final motions 
(with respect to the observer’s frame) and M,. The radii of the circles are the momentums of the individual particles as 
observed in the center-of-mass system. The triangles represent the relation M,=m,u,+n.V.=const. The centers of the 
circles (and therefore, of the ellipses) are at the points dividing M, in the ratio m/n. The relation between ¢, and ¢, (or 


between y, and y,) is easily determined graphically from these diagrams by using Eqs. (28) or (27) for the y-components, 
as shown by the horizontal dotted lines. 


collision involving only two masses are: 


mu; nV. 
M.=4 —t——=|, (1re) 
(?—u?)} (e&—v2)} 


m n 
W.= | + | ; (2re) 


(2—uZ) (e—v,)} 


Now, resolve u, into two components parallel and perpendicular to M,, and v, into three rectangular 
components, as we have done in the classical cases before. Then our equations become 


M,=clmp/(e—p?—@*)'+nr/(?e—-P—s—P)*], 
0=clmgq/(Ce—p?—@)'—ns/(?P—r?—s?—#)*], (7re) 
0=cl0+nt/(?e—-r’—s?—#)*], 

W.=8[m/(e—p'—g)+n/ (2-2) '], 

from which we see that M,, u, and v, must be coplanar. Dropping ¢ and eliminating 7 ands, we obtain 
J(e—p*—@)'=2mc(W.— M.p). But since p=u, cos ¢, and p?+q?=u,?, this becomes 


J(?—u?)i=2mce(W,— Mus cos $s). (14re) 
Solving for u;, we have 
cL4W.M.cm*c*.cos ¢.+J(L?—4m?2c!M 2c sin* $,)! ] 
6 —$$— (6re) 
J?+4m’?AM 2c? cos? os 


Similarly, for v,, we obtain 


V.= 


Us 


cL4W.M,cn2c cos y+ K(L?—4n*¢°M 2c sin? y,)* ] 
K?+4r°AM 2c? cos? ys 


These are the polar equations of ellipses whose centers are at 


c4W.M .cmic' cAW.M,cnict 
ella 
J*+4m?ctM 2c? K?+-4r2AM 2c 


and \ 


for oO 


for tl 


givil 
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and whose semiaxes are 


cIL/(J?+4mAMec) and cJL/(J(J*+4m*ctM2c*)*] 


for one ellipse, and 
cKL/(K?+4n°AtMZc?) and cKL/ LK(K*+4n’c!M2c*)!] 


for the other. They are illustrated in Fig. 7. 


The relation between ¢, and y, is rather long to write out. The method of obtaining it is described 
in Section (1). 
In terms of the quasi velocities, the equations are 


M,=c(mn,+nv,), (1r’e) 
W.,=C(m(1+ 9.2)! +n(1+v,2)*]. (2r’e) 
Now, using the same method as outlined in Section (E), Part I, let 


n, = p)M,+4j, 
Vs rM, —sj+tk, 


giving c(mp+nr)=1, mqg—ns =0, t=0. Proceeding as before, we get 


W.=2 (m1 + Mee +¢) b+n + Me? +s*)]}}. 


(a) m<n gic oo (c)m<n 


i 
/ (b)m>on 


Fic. 7. Velocity relations in the same collisions as those depicted in Fig. 6. Here, the radii of the circles 
are the velocities as seen in the center-of-mass coordinates. The arc c (solid line) represents the limiting 
velocity with respect to the observer (the velocity of light). V is the velocity of the center of mass with 
respect to the observer. Having obtained ¢; “— ¥- graphically from Fig. 6, one can then obtain u, and v, 
graphically from Fig. 7. 
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Elimination of 7 and s results in 
2W. [mic + M2mct(p? +4") jt =I +2mceM cp. 
Remembering that /,°(p?+ 4?) = 7,?, pM;=7n; cos $s, we obtain 


JM,c cos $s, +W,(L?—4m?2c!M 2c sin? ¢s)! 





Ns 


2 mc(W2— Mee cos” $s) 
KM.c cos ¥,F WAL? —4n2AM2e sin? y,)! © 
ne W2— M20? cos? Yr) i 
These are the equations of ellipses whose centers are at 
(JM,c/2me?(W2—Mc),0) and (KM,c/2n?LW2—M2c*], 0), 


and whose semiaxes are 


W.L/2me(W2—M2c?) and L/2mce(W2— Mec)! 
for one ellipse, and 
W.L/2ne(W2—-Mec?) and L/2nc(W2—M-c*)! 


for the other. They are illustrated in Fig. 6. 


(1) THE CENTER-OF-MAss COORDINATE SYSTEM 


This corresponds to Section (F) in Part I. In relativistic mechanics it is not as easy to transpose 
from the center-of-mass system to some other system as it is in Newtonian mechanics. Nevertheless, 
we shall outline the transposition for the sake of completeness. Remembering that J, K and L have 
the same values for all observers, we have, for an elastic impact, 


t,=cL/J=a,, (6rf) 
v,=cL/K=b),, (7rf) 
ng = L/2mceW,= ay, (6r’f) 
v,= L/2nc?W,=B,. (7r’f) 


These are the equations of the circles shown in Figs. 6 and 7. 
Referring back to Eqs. (24), we have 


Ugz = C7 (thee — V), ‘(e —,° V), 
Ugy = CUsy(c? — V?)*/(cC?—u,-V). 


Squaring and adding these, and solving the resulting equation for u,, we get 


eC(e—u,?) V cos ¢s4[(2@— V2) {(e@—u,*) V? cos? 6, +e (ug? — V*)} })] wa 
ain cece etna tie eesti et, (6rf” 
ee wane Vv?)+ (?e— Ug) Vy? cos? d: 





Combining this with Eqs. (3r), (4r) and (6rf), we can obtain Eq. (6re). In a similar manner, we can 
obtain Eq. (7re). 


Equation (6rf’) is the equation of the ellipse whose center is at 


Ve(e—u,?) 
san) 
c—u V2 


Fic 
relati 
collisi 
tron 
one V 
is 0.5 
mass 
mass. 
tions 
sion; 
m 4 
energ 
elect! 
obser 
the r 
relati 
1(b) 
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Fic. 8. (a2), Momentum 
relations in the elastic 
collision between an elec- 
tron initially at rest and 
one whose kinetic energy 
is 0.51 Mev (its observed 
mass is twice its rest 
mass); (6), velocity rela- 
tions in the same colli- 
sion; (c) and (d), the case 
in which the _ kinetic 
energy of the incident 
electron is 2.55 Mev (the 
observed mass is six times ; 
the rest mass). These are } 
relativistic analogs of Figs. 
1(b) and 2(0), Part I. 


and whose semiaxes are u,c?(c?— V?)/(ct—u,V?) and u,c(?— V?)!/(ct§—u V?)!. 


same ellipse as that given by Eq. (6re). 
Similarly, for the quasi velocities, we obtain from Eqs. (28) the relation 


L(e — V*)(1+n,") } cos ¢s[ng?(c? — V?) — V? sin? ¢, }} 


eS 


c?— V? cos? ¢, 


Combination of this with Eqs. (3r), (4r) and (6r’f) will give Eq. (6r’e). 
Equation (6r’f’) is the equation of the ellipse with its center at 


(= 
(2— Vv?) 


ngc/(?— V?)? and ny, 


(+n?) 0) 


and with semiaxes 


which is, of course, the same ellipse as that given by Eq. (6r’e). From this last 
ellipse is similar to that given by Eq. (7r’e). 


It is, of course, the 


‘ (6r’f’) 


result we seé that this 


The process of obtaining the relation between ¢, and y, is exactly analogous to that of obtaining 
Eqs. (15d) and (15e) in the classical case, Part I, Section (F). Referring to Fig. 7, we see that 


cot ¢,= Noz/ Nov =—cot ¥,=— Ugz/Ugy. 


From Eqs. (6r’f) and the definition of L we have 


Ng=L/2meW, and (1+7,2)!=J/2meWw,. 


From Eq. (4r), we obtain 
¢/(¢—V*)} 


W./W, and V/(e—V?)!=M,c/W,. 
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Combination of these with Eqs. (28) gives 
cot ds= Nsz/Ney = (W, cot ¢,/W,)+(M.cJ csc ¢,/W,L), 
cot Ps = Usz/Usy = (— W, cot d,/W,)+(M.cK csc ¢,/W,L). 
Addition and subtraction of these yields 


M,c 
L(cot ¢.+cot ys) en csc ¢,=2W,M.c csc dy, 


g 


M,c Mc 
>= cot ¢,—J cot ys) ens cot ¢,=2W,M.c cot gy. 


Squaring each of these, subtracting and reducing, we have 
(W2L?— M,?c?K?) cot? ¢,.+(W2L?— M2cJ*) cot? yp. 
+2(W2L?+MZcJK) cot ¢, cot ~,=4W2M2c(W2—- Mec). 


Solution of this equation for tan ¢, and tan y, in turn yields the desired equations. 


(J) OBLIQUE ELastic Impact, PARTICLE n INITIALLY AT REST IN THE 
OBSERVER’S COORDINATE SYSTEM 


This corresponds to Section (D), Part I. However, here we shall derive the result by merely sub- 
stituting b=0 in the equations of Section (1), obtaining 





mcLmc+n(c?—a,*)' | cos ¢,+[m(ce—a,)'+nc ]|(n?—m? sin? ¢,;)? 
Us <0 |" | (6rd) 


mc? + n?c? + 2mnc(c?—a,")? — ma, sin? o; 
Similarly, we obtain for 2v,, 
2mcas[mc+n(c?—a,*)!] cos p. 


oa ce (7rd) 
n?(c?—a2)+m?c?+2mnc(c?—a,?)'+m2a,? cos? y; 





Similarly, for the quasi velocities, we obtain 


—— +a,*)*] cos ds+[m(1+a,”)!+"](n?—m? sin? ~“ (6r’d) 
= 05 —— $$ r 
lai m?+-n?+2mn(1+a,?)+m’a,? sin? ¢, 
2ma,[n+m(1+a.2)'] cos y, 
v, (7r'd) 


2 m+n? +2mn(1+a,2)!+m?2a,? sin? Ws 
These relations are illustrated in Figs. 6 and 7. 


COLLISION OF ENERGETIC ELECTRONS IN THE together with a similar equation for v,, merely 





CLoup CHAMBER changing y, for ¢,, 
This is the only type of relativistic collision 
yet attainable in the laboratory. If we let m=n, — 2a.[1+(1+a,*)*] cos $s 
Eqs. (6rd), (7rd), (6r’d) and (7r’d) become ; 2f1+(it+a,2)!+a,? sin? i 


2a,[ C?+c(c—a,*)! ] cos os — : : 
U,= Leta ay sere and a similar expression for v,. These relations 
2[?+¢(?—a,?)'!]—a- sin? ¢, are shown graphically in Fig. 8. 
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COLLISION OF TWO PARTICLES 


The relation connecting ¢, with y, reduces to 


We—-Mee 2 
 (1e2)}1 


tan ¢, tan y,= 
We 


Now, for two perpendicular lines, we have the 
well-Known relation tan ¢@ tan ~Y=1. Remember- 
ing this, we can see from the foregoing equation 
that, in the collision of two electrons of equal 
masses, ¢;+¥y, is always less than a right angle. 

The familiar equation of the classical electro- 
dynamics, mu?/p=Heu, becomes in the rela- 
tivistic case 


mc Us" 
—=H,eu,, 
9 9\1 
(ce | a") * Ps 


from which we obtain 
Ns = (e/mc)H.ps = H.p./ 1700. 


Thus, we see that 7, is the quantity actually 
measured by the cloud chamber when e/m is 
known. Furthermore, since all the rest masses are 
assumed to be alike, it is usual to regard ay, Bs, 7 
and v, aS quasi momentums instead of quasi 
velocities. 

Since as, ns, Us, 6; and Wy, can be measured, in 
principle at least, it is possible to test these 
relations experimentally ; or, if we assume these 
relations to be correct (for elastic collisions), it 
is possible to study the nature of the observed 
collision. 

The only assumptions made in deriving these 
equations were that the total energy possessed by 
the colliding particles is the same after impact as 
before—that is, no energy, in the case of elec- 
tronic collisions, is lost as radiation—and that 
momentum is conserved in the collision. If, now, 
the equations for elastic collision of like masses 
are not apparently obeyed, we can fall back on 
the more general case, and pursue one or the 
other of two courses: (a) assuming the masses to 
be alike, we can determine the energy loss (or 
gain); (b) assuming the collision to be elastic, 
we can determine the ratio of the masses of the 
particles in terms of the mass of the struck 
particle (the one initially at rest in the observer’s 
frame). However, the data are not, as yet, 
accurate enough* to justify such a calculation. 


18 Ruark and Jones, Phys. Rev. 53, 454 (1938). 
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III. Collisions between quanta and material 
particles 


(K) THE PHOTOELECTRIC EFFECT 


The photoelectric effect may be regarded as a 
two-particle inelastic impact. Before the collision 
the two particles are the quantum of energy hv» 
and momentum hy o/c, and an atom or molecule 
of mass 2, initially at rest with respect to the 
observer; after the collision, the two particles 
are the ejected electron and the ionized atom or 
molecule, which we may still think of as having 
mass ”; the total momentum is still hvo/c, but 
the sum of the kinetic energies of the two 
particles-is now hyp—w, where w is the binding 
of the removed electron. 

In the case of low energy quanta, we can sub- 
stitute the foregoing quantities into Eqs. (6e) 
and (7e). Then, remembering that n/m=105 for 
such atoms as Cu, Ni, Fe, Zn, etc., we see that 
the velocity and kinetic energy imparted to the 
residual atom are negligible, and that the kinetic 
energy of the electron is independent of the angle 
of emission, being given by E,n=hvyo—w. 

For energetic x-rays or for y-rays, we use the 
corresponding relativistic equations to get the 
same result. 


(L) THE COMPTON EFFECT 


From the point of view of this article (energy- 
momentum relations), the Compton effect prob- 
ably has received better treatment in the litera- 
ture than any other type of collision. Here we 
have either a free electron or one whose binding 
energy in any molecule is negligible compared 
with the energy of the incident photon. Mo- 
mentum is conserved by the emission of a 
secondary, or scattered, photon of less energy and 
momentum. 


Resolving the momentums after the collision into com- 
ponents in the same manner as we have done before, we 
have 


hvo/c=hv/c cos ¥+mcen cos ¢, 
O0=hv/c sin Y— mcr sin ¢, 


(11) 
and for the energy equation, 
hyo=hv-+-me[s/(1+72) —1]. 
Solving this for n, we obtain 
2(mc?+hvo)hvo cos 


1 (e+ hvo)*— (hive sin 6)? (61) 


(21) 
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However, it is more frequently desired to know the kinetic 
energy of the ejected electron than its momentum. De- 
noting this kinetic energy by E,, as usual, we have 


Em =me[/(1+7?) —1], 
or 

men = 4/(Em?+2mceEn). 
Substitution of this last relation in Eqs. (11) and (21), and 
solution of the resulting equations for En gives 
= 2mc*(hvo cos )? 

(mc*+ hvo)?— (hvo cos ¢)? 
2mc?(hvo)? 


—m 


as: .2::0woXSn ne 6l’ 
(me?+ hyo)? tan? 6+ mct+2hvome? (o1") 

For the energy of the scattered photon, we get 
mehvo (71) 


a me?+-hvo(1—cos ) 


Substituting these solutions back into the given Eqs. 


(11), transposing and dividing one by the other, we ob- 
tain, in turn, 


“as mc sin y mc? t 
a (69 = =" ct, 8, 
(me2+hvo)(l1—cos ¥) mce+hvo : 
24 i 
ines mc‘ sin ¢ Cos } 


2mehvo+ ((hvo)?+m*c) sin? ¢’ 
io mc! sin ¢ cos @ 
~ 2mehvo cos? o+(hvo+me?)? sin? ¢’ 
mc* 
= 2mehvo cot 6+ (hvo+me?)? tan ¢’ 
mct tan } 
" 2mehvo+ (hvo+me?)? tan? d 7 


These relations are shown graphically in most of the books 
that treat the Compton effect.“ 

Equation (71) is of especial interest. In the first place, 
if we consider the collinear collision, we get in the limiting 
case of very energetic incident photons, Lim hy = }mc? for 

yO 

y=180°. Also, for any incident quantum ‘whatever, weak 
or energetic, we get for the difference in wave-length be- 
tween the incident and scattered quanta, Ad = (¢/v) — (¢/v0) 
=h(1—cos y)/mc=2.42X10- cm when y=90°. This is 
equal to the wave-length of the photon whose energy is 
equal to the rest energy of the electron; that is, of the 
photon for which hvy=mc?=0.51 Mev. If the incident 
quantum has this energy (hvo=mc?), we have for the 
electron ejected in the forward direction 


n=4/3, Wm = 5me?/3, Em=2me?/3 =0.33 Mev. 


We now wish to use the Compton effect to measure the 
energy of an unknown y-ray. Eliminating hv from Eqs. (11) 
and (21), we have 


(151) 


__ met /(1+n?)—1) 
* 1 cos $+/(1+7%)—1 


_ mel (1+n)—1+0] | (71) 
7 2 


144 For example, Ruark and Urey, Atoms, molecules and 
quanta (McGraw-Hill, 1930), pp. 86 and 87. 
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when ¢=0. Thus, if we can measure 7 and ¢, we can de- 
termine Avo. However, these recoil electrons are ejected 
from some thin solid suspended in the cloud chamber. 
It is not possible to measure the initial values of » and ¢ 
owing to scattering as the electrons emerge from the 
“radiator.” Statistical methods, based on the Klein- 
Nishina formula,'!® have been devised by Richardson and 
Kurie!® to overcome this. When this method was applied 
to two known y-rays, (0.51 Mev, the annihilation radia- 
tion of the positrons from N®, and the 2.6-Mev radiation 
from ThC’”’), the results checked nicely. This is perhaps 
the best available experimental evidence for the validity 
of this treatment of the Compton effect. 

In the limit of very energetic y-rays, Eq. (71’’) reduces to 


hvo= Ent+4mce=E,+0.26 Mev, 
when ¢=0, in agreement with the limiting value of the 
energy for hv. 
APPENDIX 


With reference to the expression occurring in the numera- 
tor and in the denominator of Eq. (6r’a), it is to be proved 
that 


From Eqs. (24), we have 
C(dgz+ V) (dor + V) 


eee (A+ ay-V)(-+b,-V) 

ci. 
"  (@+a,-V)(e+b,-V) 

«uch x Saas —V") 


(?+a,-V)(?2+b,-V) 

2 (e+a,2 V)(A+b,:V) 

c= nm 
(c?-+-a,-V)(?+b,-V) 


Subtraction of the last equation from the sum of the first 
three yields 





c—a,;:b,=c?(c?—a,- b,)(c?— V?)/(c?+a,-V)(c2+b,-V). 
From Eq. (25), we obtain 


eL(ce—a,?) (c?—b,*) }t(ce— V2) 

(?+a,-V)(?+b,-V) 
Division of this last equation into the one immediately 
preceding it gives the desired result. 


Squaring both sides of Eqs. (ir) and (2r), and subtract- 
ing, we have 


[(?—a?)(?—b2) }}= 


c?—a,-b, 
W2-—M2c=c' ( m?-+n?+2mn ) 


[(?—a,?)(e—b.*) }} 
oa Ca ee ). 

i" [(@—u,?) (2 —v,2) } 
Therefore, if Ws; is conserved, the expression in question 
is the same before and after the collision. 


15 Klein and Nishina, Zeits. f. Physik 52, 853 (1928). 
16 Richardson and Kurie, Phys. Rev. 50, 999 (1936). 
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Best Definition with the Pinhole Camera 


Louis A. TURNER 
Princeton University, Princeton, New Jersey 


” a previous paper! in this journal (hereinafter 
referred to as I) the theory .of the pinhole 
camera was developed. It was shown that the 
condition for maximum resolving power in the 
picture requires a pinhole appreciably larger than 
that found experimentally to give the best defini- 
tion. The difficulty met in trying to derive theo- 
retically the condition for best definition is that 
there is no obviously correct criterion for it. In 
this paper the question of what it is in a picture 
that makes for good definition is discussed fur- 
ther. Two possible criteria are suggested and are 
shown to lead to a result in satisfactory agree- 
ment with the experimental one. The optimum 
diameter a of the pinhole is given by the ex- 
pression 


a= 2[0.67 Xdvu/(u+z) J}, (1) 


where \ is the wave-length of the light, u is the 
distance from object to pinhole and v is the mean 
distance from plate to pinhole. 

The basic question is, what do we mean by 
good definition in a photograph? The photo- 
graphic resolution of two neighboring luminous 
points is a problem met directly in the simple 
form only in astronomy where the pinhole 
camera is singularly useless. Ordinary objects 
include light and dark regions whose images are, 
for the most part, much larger than the distance 
between barely resolvable point images. The 
definition in such a picture probably depends 
more on the apparent sharpness of the boundaries 
between these regions than on the resolution of 
very fine detail. Let us make the assumption that 
the definition is best in the picture in which the 
boundaries between adjacent light and dark areas 
are sharpest. This seems plausible enough but 
constitutes no advance until we arrive at some 
physical measure of sharpness of such a bound- 
ary. At first glance this seems to be a simple 


problem, but it soon appears that the nature of 


the variation in the intensity in the neighborhood 
of the image of a boundary is different according 
to the shape of the image of a point source, so 


1 Turner, Am. J. Phys. 8, 112 (1940). 


that there is no obvious measure of the sharpness. 
The matter may perhaps be made clearer by 
consideration of a simple special case. 

Let us assume that we are dealing with the 
image of an area which is half white and half 
black with a straight line of separation between 
the halves. Further, assume that a picture is 
made of this with an ordinary camera badly out 
of focus so that the circle of confusion for the 
image of a point of the object is large compared 
to its diffraction pattern. The image of each point 
can thus be considered to be a small disk of 
uniform intensity having the diameter c. The 
center of the circle can be considered to be the 
true location of the image. In Fig. 1(q@), let the 
line AB represent the locus of the centers of the 
circles of confusion corresponding to points in 
the object at the edge of separation between the 
white and black regions. To the right is the 
bright part of the image. The intensity at any 
point is to be found by drawing a circle of radius 
3¢ around it and considering which points of the 
object give circular disks of confusion whose 
centers lie within the circle drawn. If their centers 
lie within this circle, the disks will overlap the 


Fic. 1. Variation of intensity near an edge. 
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given point and contribute to the intensity of the 
illumination there; if they lie outside, they will 
add nothing to the intensity at the center of the 
circle. Since, in the special case under considera- 
tion, the intensity is uniform over each circular 
disk of confusion if it corresponds to a small 
bright portion of the source of fixed area and is 
zero if it corresponds to the dark part, the in- 
tensity of illumination at each point will be pro- 
portional to the fraction of the area of the circle 
of radius 3c surrounding it that lies to the right 
of AB. For all points such as P; at a distance 
greater than $c from AB the intensity is the same 
and can be taken as 1. For all points like P2 more 
than 3c to the left of AB, it is 0, and for points 
on AB it is 3. For the general point like P, at a 
distance x to the right of AB, x being between 
—4c and +4c, the intensity is given by 


4{(c? 2x 
=|" cos! ( -=) +x((4o)*—2)} (2) 
4 Cc 


TC? 
The heavy curve of Fig. 1(b) shows the intensity 
as a function of x. In this simple case the width 
of the transition region, c, is a convenient inverse 
measure of the sharpness of the edge. 

Similar considerations apply when the blurring 
of the edge is caused by diffraction. In this case, 
however, there is no small disk of definite 
diameter c over which the intensity is uniform. 
Suppose that a very small luminous area in the 
object is one which would give an image of size 
AA if the diffraction was negligible but that it 
actually produces a circular diffraction pattern 
which has an intensity 7p at the center and 7(¢) at 
a distance ¢ away from the center. If the object 
is a luminous area of constant intensity and of 
indefinite extent, the intensity at a point of its 
image is given by the superposition of the diffrac- 
tion patterns of all the points surrounding it. 
Those lying at distances between ¢ and ¢+d¢ 
will occupy an area of 2rfd¢ and contribute an 
amount (2rf¢d¢/AA)i(¢) to the intensity. The 
total intensity J, will be given by 


(3) 


I,=(2n/AA) f gi(gde. 


For a point at a distance x away from an infinite 
edge such as that of Fig. 1 the corresponding 
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expressions are 
2x * cos! (—x/f) 
I,<9=— —_—_—_—— 


AA J_, T 


Qn +z ; 
too f cu(gdé 


= if cos~! (—x/¢) 


z Tv 


su(¢)d¢, 


ri@ar|. (4b) 
The new factor in Eqs. (4a) and (4d), 
cos“! (—x/¢)/m, gives the fraction of the ring of 
radius ¢ to ¢+d¢ that contains luminous centers. 
The upper limit of © is allowable merely because 
the intensity does drop off rapidly with increasing 
¢, so that those centers which are remote con- 
tribute a negligible amount to the diffraction 
pattern. The presence of the factor ¢ in the 
integral, however, gives increased relative im- 
portance to the outer parts of the diffraction 
pattern as compared with the argument involved 
in finding ordinary resolving power. 

There are certain important properties of the 
integrals in Eqs. (4a) and (4b) that may be seen 
without actually evaluating them for the differ- 
ent diffraction patterns. For large positive values 
of x the intensity approaches J,, the constant 
value given by the integral (3), in agreement with 
the common-sense aspect of the matter that the 
intensity in the image of the bright area at some 
distance away from the edge is practically un- 
affected by the presence of the edge and dark 
region. Similarly, for large negative values of 
x the intensity approaches zero. For x=0, 
cos! (—x/¢)/a becomes 3 and the intensity is 4 
the full value in the light area. Thus, the curve of 
intensity as a function of x will, in a general way 
be like the solid curve of Fig. 1(b), except that 
the limiting values of J; and 0 will not be reached 
anywhere. From the geometrical symmetry, it is 
apparent that J(—x)=J;—I(x). The curve will 
thus exhibit the same symmetry with respect to 
a rotation of 180° about the midpoint as that 
shown by the solid curve of Fig. 1(b). The mid- 
point is a point of inflection which means that 
the slope remains fairly constant over a consider- 
able range of x in the neighborhood of x=0. It is 
obvious that as the diffraction pattern of a point 
becomes more spread out this curve of J versus x 
will become flatter with a smaller value of the 
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Fic. 2. Determination of the optimum size of the pinhole: 
(a) for maximum sharpness of edges, (b) for minimum size 
of perceptible black disks. 


slope at the center. There is no limited region of 
transition from full intensity to zero as with the 
out-of-focus image, and therefore no related 
measure of the lack of sharpness of the edge. The 
sharpness may be measured, however, by the 
slope of the central portion of the curve, nearly 
equal to (dI/dx)» over a considerable range of x. 
To calculate the integrals (4a) and (4b) for 
different functions 7(¢) corresponding to pinholes 
of different size and for different values of x is 
laborious. The dashed curve of Fig. 1(b) is one 
such computed curve. Fortunately, it is not neces- 
sary to do this for all values of y in order to get 
accurate values of (dJ/dx)o. Differentiation of 
Eq. (4a) with respect to x, followed by setting 
x equal to zero, gives 


(dI/dx)o=(2/AA) f i(e)de. 


0 


(5) 


If the intensity is to be referred to its maximum 
value taken as 1, Eq. (5) must be divided by 
Eq. (3) to get 


0 0 


The calculation of the values of (dJre1/dx) 9 for 
pinholes of different sizes is based on the work of 
Lommel, discussed in I. That discussion and the 
definition of Lommel’s variables will not be re- 
peated here. Introducing Lommel’s z and y, and 


replacing 7(¢) by M%(z), to which it is propor- 


tional, Eq. (6) becomes 


dTnu/dx)o=y! f M%(z)dz / k f M2%(z)-2dz. (7) 
0 0 


Eq. (3) of I has been taken as ¢=kz/y?, k being 
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a constant which is independent of the size of 
the pinhole. The integral in the denominator, 


f M?(z) -2dz, 


is found to have the value of 2 for all values of y, 
as will be shown in the Appendix. If y is expressed 
as K X2r, as in I, the sharpness for each size of 
pinhole is proportional to 


2k(dI re, ‘dxo) > 
Sx= =Kif Mx?(z)dz. 
(27)} 0 


Approximate values of the integrals, 


Jr -{ Mx*(z)dz, 
0 


may be obtained by graphical integration, using 
Lommel’s tables in which he gives M*(z) for 
integral values of z up to 12. for values of y 
corresponding to K=0, 3, 1, 3, etc. In Fig. 2(a) 
the computed values of these integrals have been 
plotted as a function of K and a curve drawn 
through the computed points. Multiplication of 
the ordinates of this curve by the respective 
values of K? gives the curve for Sx which is also 
drawn. It is seen to have a maximum at K =0.67, 
corresponding to y=1.347. The location of this 
maximum is not very sensitive to changes in the 
way in which the Jx curve is drawn through the 
four computed points. All the values for the 
ordinates of these points are slightly too low, 
since the integrations are extended only to z=12, 
instead of to z=. The errors are negligible, 
however, because of the very rapid decrease of 
M?(z) with increasing z. Inserting the value for 
Kmax into Eq. (1) of I gives the expression for a, 
the diameter of the pinhole for sharpest edges, as 


a= 2[0.67dvu/(u+z) ]', 


the result already given in the first paragraph. 
That v is to be taken as the mean distance rather 
than the perpendicular distance will be explained 
later. 

Before comparing this result with .Lord 
Rayleigh’s experimental one, another interpreta- 
tion of its meaning should be mentioned. Con- 
sider the image of a black strip of constant width 
crossing a uniformly illuminated white area. The 





Fic. 3. Intensity in the image of a black strip. 


intensity at any point in the region of the perfect 
geometric image of the black strip will be the 
sum of the two intensities which would exist at 
the point if the black area should be extended 
indefinitely in either the one or the other direc- 
tion. To express it otherwise, the intensity curves 
from the two edges overlap, giving a total in- 
tensity that is the sum of the two separate ones. 
A possible case is illustrated in Fig. 3. The two 
vertical lines mark the limits of the edge of the 
geometric image of the black strip. The two 
separate intensity curves for the edges are drawn 
in and also the curve for the total intensity which 
has a minimum at the center. In spectroscopy, 
lines are found to be resolvable when such a 
minimum has an intensity of 0.8 or less. If we 
apply this result here, it means that the black 
strip will not be seen unless its width is as great 
as or greater than twice the distance in which 
the intensity at a single edge drops from 0.5 to 
0.4, so that the superposed intensity at the center 
will be less than 0.8. This distance, however, 
varies inversely as (dJ/dx)o. In the foregoing 
discussion we have found the condition for ob- 
taining the maximum possible value of (dJ/dx). 
This is now seen to be also the condition for 
having minimum width of a just perceptible black 
strip in the object. It is also apparent that the 
result for the optimum size of pinhole does not 
depend on the particular choice of 0.8 for the 
intensity at the minimum. The same result will 
be obtained for any value which is close enough 
to 1 so that a range of the curve of the single edge 
is used over which dJ/dx is practically constant 
and equal to (dJ/dx)>. 

This raises the question whether the particular 
result obtained is valid only for obtaining mini- 
mum size of long strips. What about the size of 
just perceptible dark squares or circles? A simple 
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solution can be had for the circles. By the argu- 
ment which leads to Eq. (3), it is apparent that 
the intensity at the center of the image of a black 
circular dot of radius fo is given by 


Ta=(20/AA) J ga($)d¢. (8) 
bo 


For the dot to be perceptible Zz must be equal 
to or less than 0.8 of J;. The radius fo of the 
smallest perceptible dot is given by 


f ci(pd¢=0.8 f ¢i(s)de 
So 0 


fo 


ci(pd¢=0.2 f i(dde. 
0 


0 


Changing variables, this gives 


J ar@a-02f 2M?(z)dz. 
0 0 


Since the integral on the right has the value of 2 
(see Appendix), one has 


20 
f 2M*(z)dz=0.4. (9) 
0 


In Fig. 4, 2M?(z) is plotted as a function of z for 
y=2rn. It should be noticed how important the 
second maximum at z=3.8 has become as com- 
pared with the curve of M°(z) (intensity) as a 
function of z (Fig. 1 of I). The integral of the 
left-hand member of Eq. (9) has been found for 
various assumed values of 2 by use of a planim- 
eter and the value of zo to give 0.4 for the integral 
obtained by interpolation. The results of such 
calculations for several different values of y (and 
K) are plotted in Fig. 2(6), and a curve drawn 
through them. This is now to be converted into 
a curve for {o, or rather a quantity proportional 
to it, by dividing each ordinate by K?#, since 
¢=kz/yt and y=KX2z. The resulting curve, 
labeled £o in Fig. 2(b), shows that the just per- 
ceptible circular dot will be of smallest size for 
K=0.67, in agreement with the value first 
obtained. This second result also is very insen- 
sitive to the particular value taken for the critical 
intensity at the center of the image of the circular 
dot (here taken to be 0.8). 
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The size for the pinhole here obtained is thus 
one that gives maximum sharpness of boundaries 
between light and dark regions and also is one 
for which the size of just perceptible dark detail 
is smallest, but is quite different from the one for 
maximum resolving power of adjacent points. 
In the foregoing argument the intensity of light 
coming from the dark regions has been taken to 
be zero, for simplicity’s sake. The same results 
for the sharpness of edges will be obtained for 
any assumed value of the lower intensity. How- 
ever, the argument about the minimum width 
of a perceptible darker region will become more 
complicated if, with increasing brightness, its 
width becomes so great that at the center of its 
image the slope of the overlapping I versus x 
curves (Fig. 3) departs greatly from (dI/dx)o. 

It may be objected that proper account has 
not been taken of the fact that it is the logarithm 
of the intensity rather than the intensity itself 
which is important both psychologically and 
photographically. One might think that the 
maximum value of dlog I/dx would be the 
proper measure of the sharpness of an edge rather 
than the maximum value of dJ/dx. One runs 
into difficulties in trying to apply this criterion. 
For the blurred edges arising from imperfection 
of focus d log I/dx becomes infinite where the 
intensity goes to zero, irrespective of the size of 
the circle of confusion, so that in this case it is 
not a useful measure of sharpness. Perhaps an 
average value of d log I/dx over some standard 
range of intensity would be the correct measure. 
Here one encounters the difficulty concerning 
arbitrary choice of the appropriate range of 
intensity. The method followed in the foregoing 
argument seemed to be the only reasonably 
straightforward one not involving such arbitrary 
assumptions. 

The new theoretical result for the optimum 
size of pinhole, y= 1.347, is in apparent disagree- 
ment with the experimental results of Lord 
Rayleigh (see I) who found 1.87. This discrep- 
ancy can be attributed to the size and the nature 


of the test objects which he used. One of these. 


was a pair of equal round holes of unspecified 
size } in. apart in a piece of metal; the other was 
a grating cut from sheet zinc with a grating space 
of } in. They were set up at a distance of 18 ft 
from the pinholes and illuminated from behind. 
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The image was viewed or photographed at a 
distance of 8 in. behind the pinholes. The geo- 
metric image of a single element of the grating 
would have had a width of (0.258)/(1218) 
= 0.0092 in. By means of Eq. (3) of I, one can 
compute that this corresponds to a z value of 3.9, 
if y be taken as 1.87. This is small enough so that 
the diffracted images of the successive openings 
of the grating overlapped considerably. The 
apparent sharpness at any edge depended on the 
presence of the others in its neighborhood, so the 
arrangement was much more complicated than 
that considered in the theory. For best definition 
of exceedingly fine spread-out structure, un- 
doubtedly the condition for maximum resolving 
power is the relevant one. Rayleigh’s experi- 
mental grating was an object having a regularity 
and fineness of detail not encountered in the 
objects ordinarily photographed. It should be 
noticed that the size of the image of one grating 
space, 0.0092 in., is only slightly greater than 
the 0.008 in. which is often taken to be the upper 
tolerable limit of the circle of confusion for good 
focus with a camera having a focal length of 8 in. 
Since Rayleight does not give the sizes of the two 
holes in the plate which constituted the other 
test object, little can be said about his results 
with it. If the holes were small compared to the 
distance between them, then the object ap- 
proximated two point sources and the condition 
for maximum resolving power, y=2.47, would 


8 10 12 


Fic. 4. Graphical method of determining the size of the 
smallest perceptible black disk. Shaded area=0.4. 


have been expected to be best. For holes of size 
comparable with the distance between their 
centers, something more like the result found 
here, 1.347, would have given the best result. It 
is perhaps significant that Rayleigh did find 
that the best size of pinhole was slightly smaller 
for this object than it was for his grating. Ap- 
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parently there is no size of hole that is best for 
all objects. The one corresponding to y=1.34r 
is merely the one that is best for the less exacting 
conditions of ordinary photography. 

It is now possible to compare the definition 
obtainable with the optimum size of pinhole with 
that obtained with an ordinary camera, in a 
more precise way. We may find the size of the 
circle of confusion which will give the same 
sharpness of edge as measured by (dJ/dx)o as 
does the optimum pinhole. By differentiating 
Eq. (2), one gets (dJ/dx)»=4/zc for the diffuse 
edge of the out-of-focus camera. This is set equal 
to (dI/dx)o from Eq. (7), where y= 1.347. 


f M?(z)dz=1.32 for y=1.349 [Fig. 2(a)], 
0 


f 2M?*(z)dz=2 (Appendix), 
0 


and k=[Av(1+v/u)/27r]}!. Let u>v and take 
\=4.5 X10-5 cm; then 


1.32[1.344}!/2[4.5 X10-50/20 }}=4/ae. 


This gives v/c=396 v'. For v=9 cm, v/c=1190. 
Since v/c2 1000 is often taken as the criterion 
for satisfactory focus with ordinary cameras, 
this means that pinhole cameras of focal length 
of 9 cm or more should give pictures comparable 
with those of ordinary cameras if the optimum 
size of pinhole is used. This neglects the blurring 
that results because the diffraction patterns 
produced by light of different wave-lengths are 
of different size. 

The foregoing theory is strictly valid only for 
regions very close to the axis of the pinhole that 
is normal to the plate. The diffraction patterns 
of oblique beams will be somewhat modified, and 
it might be feared that this would alter the 
definition seriously at the margin of the picture. 
Such an effect is not a prominent one experi- 
mentally and it may readily be seen; as follows, 
to be of slight importance under ordinary circum- 
stances. For a ray passing through the hole 
making an angle @ with the axis, the diffraction 
pattern will be elongated radially, partly because 
of its oblique incidence on the plate, but also 
because the pinhole is effectively an elliptical 
aperture. Without going into details of the dif- 
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fraction by elliptical holes, one can see that the 
pattern will be elongated in a direction at right 
angles to the long axis of the ellipse (that is, 
radially) in the same way that the pattern from 
a rectangular aperture is similar to the aperture 
but rotated by 90°. To a first approximation this 
elongation would be by a factor of sec 6, where 
6 is the angle between the axis and the bundle. 
The oblique view of the object (assuming it to 
be something like a drawing in one plane) would 
give another factor of sec 6. For @=30°, sec? @ 
=1.32. Thus, the minimum size of perceptible 
tangential lines should increase by a factor of 
4/3 out toward the edge of a plate where the angle 
is 30°. The definition of radial lines should not 
be thus changed, so that the effect is like that of 
astigmatism of a lens. If we take @=20° as a 
reasonable average value, sec? @=1.15, and the 
effect is seen to be very small for a considerable 
angle of view. The quantity v of Eq. (1) should 
also be taken as the average hole-to-plate distance 
instead of the minimum distance for the best 
average definition over the whole plate. 


APPENDIX 


That Jo sMe)ds=2 may be shown as follows. It is 


shown in all textbooks of optics where Kirchhoff’s theory 
of Huygens’ principle is developed that, if A is the ampli- 
tude of a wave at an element in the opening in a diffracting 
screen, the amplitude at a point on the screen will be 


= fain 2x(=—"“**)as, 


the integration being taken over the opening; u and » in 
the integral are the distances from a point source to de 
and from de to the point on the screen for which the in- 
tensity is being computed, respectively. Lommel, ap- 
parently because of interest only in relative intensities, 
omits the 1/d factor. He then develops this integral in the 
customary way to transform this expression to get the 
amplitude equal to Azr?M/)v, where r is the radius of the 
hole and M? is (C?+S?)z’r4, C and S being the familiar 
diffraction integrals. Lommel calculates and tabulates the 
values of M? for different sizes of diffracting hole, for 
different radii in the pattern. The intensity at a point will 
be proportional to the square of the amplitude so 


4(¢) = BA?x*r! M?2(¢) /d*0?, 


B being the constant of proportionality. The total energy 
per unit time coming to the pattern will be given by 
integration over the whole pattern, or 


E=(BAtxrt/x%2) | at MX s)d¢. 
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This must also equal the energy entering the hole per unit 
time, which is BA?rr?. Equating these two expressions for 
the energy, one obtains 


f “¢MXs)d5 = No? /2a2¢? = 2(\0/2ar)?, 


A change of variable from ¢ to z gives, since {= (Av/2ar)z, 


(\v/2er)? if '2M*(2)dz =2(dv/2er)? 


Jy se @de= 2, 


which was to be proved. 


The Teaching of Electrostatics in the General Course 


WINTHROP R. WRIGHT 
Swarthmore College, Swarthmore, Pennsylvania 


HE writer returned this spring, after a lapse 
of nearly ten years, to the teaching of that 
part of general physics which includes electricity. 
Both he and his students have survived the 
experience but he, at least, is uncomfortably 
aware that the presentation lacked coherence 
and he is inclined to question whether this lack 
of unity is not inherent in the textbooks. Me- 
chanics, sound and heat form a reasonably 
consistent whole in spite of the burden of several 
sets of units when one would suffice. It is probable 
that this consistency might be made even more 
evident were the authors to employ the kinetic 
point of view more wholeheartedly in heat, but 
they do not encourage the reader to regard these 
parts as three isolated sections. Electricity suffers 
from a still greater superfluity of units, and one 
may suspect that the new mks system, admirable 
as it is, will make the present confusion even 
worse confounded before the situation clears. 
But though the existence of electrostatic units 
and practical units is at worst an inconvenience, 
to suggest, if only by indirection, that there are 
electrostatic principles and practical principles is 
fatal to a true grasp of the subject. 

The writer is not suggesting that the discussion 
of electrostatics in the books on general physics 
is purposely divorced from practical considera- 
tions but he is convinced that many an ‘‘intelli- 
gent reader’’ carries away that impression. The 
following is a list of experimental matters to 
which the laws of electrostatics might be applied 
in a book of this sort: 


Van de Graaff generator Cathode-ray oscillograph 
Millikan’s determination with electric deflection 
of e Triode 


X-ray tube 

Emission of electrons from 
hot bodies 

Ionization by impact 


Scattering of a-particles 

Polarization of insulating 
mediums 

Condensers 


Many of these problems involve moving charges, 
of course, but the charges move primarily under 
electric forces, the accompanying magnetic forces 
being negligible. 

It is evident that the dielectric constant is a 
useless concept in the large majority of these 
cases, but the reader has been led to expect 
otherwise. He first meets the Coulomb law in 
the form F=Cqiq2/r? as a generalization from 
Coulomb’s experiments and then learns that the 
true form of the law should be F=Cgqiq2/kr? 
when the charges are immersed in a ponderable 
medium. He is usually left to infer that the true 
form was discovered by carrying out the experi- 
ment with the spheres immersed in something 
like transformer oil—or even glass since the 
values of & for various liquids and solids are often 
appended to the discussion! Occasionally an 
author is more candid and admits that the con- 
stant has been introduced into the law so that 
it may be consistent with later developments of 
the subject but he fails to specify the develop- 
ments to which he refers. 

From the experimental point of view the most 
precise direct experiments with point charges are 
those of the single scattering of a-particles by 
heavy nuclei and these experiments offer no 
compelling reason for changing the form of the 
law. It is even immaterial whether the scattering 
medium is a conductor or an insulator. The 
“later developments” are more probably to be 
found in the growth of electric theory, specifically 
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in the Faraday-Maxwell distinction between E 
and D. This holy of holies, the writer believes, 
might well remain veiled from the neophyte until 
he is prepared by long meditation in the lesser 
courts of the temple. This conclusion is based on 
two considerations: first, the distinction is hazy 
and uncertain with even the best students in an 
elementary section; second, the first presentation 
of electricity involves so few concrete situations 
where the distinction is of importance. 

This paper, therefore, is an attempt to explore 
the thesis that electrostatics should be organized 
and developed with the practical applications 
clearly in mind. It is felt that this procedure 
may be of considerable advantage to the beginner 
and that it need do no violence to the more 
advanced theory which he may one day peruse. 

It is proposed to start the discussion with a 
brief description of the elementary electric 
entities and of the electric structure of atoms. 
Both relative and absolute values for their 
masses and charges should be given. The experi- 
mental evidence for their existence and evalua- 
tion may be postponed, but the concepts should 
be definite and numerical from the beginning. It 
is all very well to state that ordinary matter 
contains positive and negative electricity in equal 
amounts and that the charging of a body merely 
involves disturbing this balance. But it is much 
more impressive to be able to show that, if the 
lack of balance were as much as one part in 10” 
in a gram of an average metal, this gram would 
have to be made into a hollow sphere of at least 
10-cm radius before it could retain this charge if 
surrounded by air. 


This calculation assumes that the atomic weight is, on 
the average, twice the atomic number. One gram will con- 
tain 3X 10*3 electrons, and the two charges will be 5X 10¢ 
coul each. The rest of the computation follows from the 
condition that the field at the surface of the sphere shall 
not exceed 100 esu. Incidentally the charges are propor- 
tionally much less out of balance than the sexes would be 
in our world if there were one more male than female! 


The Coulomb law should be introduced in the 


form 


F=(Cqiq2/r’, (1) 


where C is a constant whose value depends only 
on the system of units employed. It is important 
that the experimental restrictions receive due 
emphasis, namely, that imposed by “point” 
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charges and that imposed by the lack of medium 
and boundaries. It should be pointed out that 
the law also holds for point charges in a gaseous 
medium, since a gas is a fair approximation to a 
vacuum electrically, but no reference need be 
made to other mediums. The real importance of 
Eq. (1) lies in its application to specific experi- 
mental situations rather than to ingenious alge- 
braic or geometric problems. If the usual lecture 
demonstration is carried out showing the electric 
repulsion of two light balls, a numerical estimate 
of the charge of a ball should be made and this 
should be compared with the total electron 
content and with the charge which would result 
if each surface atom had gained one electron. 
It is also worth while to consider in this con- 
nection the case of an a-particle which has 
approached within 10-" cm of a heavy nucleus 
where the force becomes of the order of 1 kg 
on a particle having a mass of about 10-8 gm. 
It may be pointed out that the gravitational 
attraction of the two at this distance is about 
10-* dyne. 

The concepts of the electric field and the véctor 
E follow naturally from the Coulomb law. The 
law makes possible a direct computation of E 
for specific distributions of point charges, but it 
must be admitted that such calculations are not 
often met in practice and that the mathematical 
manipulations may take first place in the mind 
of the student. It is true that, in computing 
such fields, he is compelled to recognize the vector 
aspect of E but, by and large, the field of a 
single charge is rather more important to him 
than that due to three charges located at the 
vertices of a triangle. From the standpoint of a 
beginner, however, the quantitative description 
of field in terms of lines of force is more valuable 
than any number of equations giving the field due 
to point charges, particularly if the idea is 
carried through to the Gauss principle or its 
equivalent. For in most applications it is the 
electric field at or near the surface of a charged 
conductor that is of interest; hence, it becomes 
important to develop the relation between this 
field and the surface density of the charge. 

Corona and spark discharges in gases afford an 
interesting example of the effects of electric 
fields. The explanation of the phenomenon in 
terms of ionization by impact combines rather 
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nicely certain aspects of mechanics, electro- 
statics, kinetic theory and molecular structure. 
The theory predicts both the existence of a 
critical field and also its variation with pressure. 
The variation may be demonstrated for pressures 
above as well as below normal without elaborate 
apparatus. The evaluation of the critical field is 
another matter but there is a simple experiment 
that gives its approximate value in normal air. 
If two ping-pong balls coated with Aquadag are 
suspended from a common point with threads 
about 1 m long, no amount of charging will 
separate them more than something between 10 
and 20 cm. The charge corresponding to this 
maximum separation may be computed in the 
usual way. The field at the surface of one of the 
balls may then be found from the surface density 
of the charge, the result being 100 esu, more 
or less. 

The ground is now laid for discussing the 
Van de Graaff generator in some detail. The 
mechanism for charging the belt at the lower end 
and for removing the charge at the upper end is 
a direct illustration of the idea of critical fields. 
A numerical estimate may also be made of the 
maximum rate at which a belt of given width 
and linear speed may carry charge; that is, the 
charging current may be found in amperes. 
Similarly, the limiting charge on the sphere may 
be approximated. Only the maximum potential 
of the sphere and the electric power of the 
generator need be reserved for later comment. 

The discussion of electrostatic principles, as 
far as the needs of an introductory course are 
concerned, may be concluded by developing the 
concept of potential. The required relations are 
the expressions for the potential due to one or 
more point charges and for the potential differ- 
ence between two points in a field which is 
either uniform or radial. The interrelation of 
intensity and potential is also needed. In this 
connection it may be remarked that potential 
differences in practice are measured in volts and 
it is essential that the definition of the volt in 
terms of the joule and the coulomb be incor- 
porated in the presentation of electrostatics. 

Among the possible applications of these prin- 
ciples the first should be the Millikan oil drop 
experiment, since the value and the uniqueness 
of the electron charge lie at the heart of electric 
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theory. The experiment involves not only the 
force on a drop in terms of field and charge but 
also the evaluation of the field from potential 
difference and plate separation. An examination 
of six books on general physics which have 
appeared in the last three years shows a wide 
variation in the treatment of this subject. One 
book omits the experiment entirely, two give a 
brief qualitative description, two add to a 
qualitative account the equation for a drop just 
held from falling, and the sixth devotes an entire 
chapter to a detailed resumé of Millikan’s work, 
including typical observations and results. It 
may be argued that the authors of the last book 
have overemphasized the subject, but their 
perspective is surely more nearly right than that 
of an author who dismisses it with a page. 
Incidentally the apparatus may well be given to 
the student to play with, for even though no 
measurements are made his imagination is caught 
and his insight deepened by finding himself able 
to control at will the motion of a drop. 

The acceleration of charged particles between 
electrodes at fixed potentials involves a direct 
application of theory and should be worked 
through with numerical detail. There is profit in 
comparing the final energies and speeds of 
electrons and light nuclei and in setting them 
against the corresponding values for particles 
in temperature equilibrium. The cathode-ray 
oscillograph with electric deflection affords an 
opportunity for a more extended application of 
the same ideas. Needless to say, the marked 
usefulness of this device for lecture purposes 
justifies the effort expended in explaining its 
action. 

The emission of electricity from hot bodies is 
a similar problem in that any elementary dis- 
cussion of the matter centers about questions of 
potential and field, and there seems no good 
reason for relegating the effect to one of the 
postscript chapters. It is true, of course, that 
similar considerations apply to the triode, and 
yet one may well omit it at this point because its 
uses involve other principles than those of elec- 
trostatics. But the triode with voltages applied 
as they are in the ionization gauge makes an 
entertaining illustration of potential theory and 
may be discussed with profit. 

There remains the question whether one may 
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omit the dielectric constant entirely from the 
discussion of electricity in an elementary text- 
book without doing violence to the logical de- 
velopment. As a practical matter the determina- 
tion of this quantity results from measurements 
made with condensers and one should not confine 
his discussion of condensers to the case where 
the medium is a vacuum. The writer favors 
using the concept in this connection but he puts 
forward the following analysis of the parallel 
plate condenser as an indication that the di- 
electric constant is not a sine qua non. 

The conventional electrostatic units are used 
but the train of the argument will apply in any 
system. The symbols carry the usual meanings. 
From the Gauss law the field for a vacuum 
between the plates is E=427Q/A and the resulting 
potential difference is V=4rQt/A. The capaci- 
tance becomes Co>=A/4zt, where the subscript 
indicates the absence of a ponderable insulator. 
If a polarizable medium is introduced between 
the plates, the shift of the charges in the medium 
reduces the effective charge—the charge from 
which the field is to be calculated—from Q to 
Q-—gq. If we make the reasonable assumption 
. that g=aQ, where a <1, the field becomes 


E=4nQ(1—a)/A 
and the potential, 
V=4rQt(1—a)/A. 
Then the capacitance has the value 
C=A/4nrt(1—a) =C)/(1—a). 


This may be written in the more usual form, 
C=kC>, where k>1 since a<1. 

The foregoing analysis does no violence to the 
electrostatic principles; it has the advantage of 
calling specific attention to the mechanism of 
polarization, and it is consistent with the experi- 
mental fact that the capacitance is larger with 
an insulating medium than with a vacuum. 


Before summarily rejecting this point of view, it may 
be well to ponder the case of the permanently polarized 
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dielectric, the electret. To avoid needless complications, 
consider an infinite sheet of such a material polarized 
perpendicularly to the sheet. In this case D vanishes at all 
points while E vanishes at points outside the electret but 
not withim. Hence, if we define the dielectric constant as the 
ratio D/E, we conclude that it is zero for the material of the 
electret, a result which is not particularly enlightening. 
On the other hand, the question involves no inherent 
difficulties if one grants the existence of actual surface 
charges in a polarized insulator. Since the polarization is 
uniform and perpendicular to the surface, P equals o for 
the electret. The internal electric field is given by E= —47, 
and the displacement becomes 


D=E+4nrP=—4270+4rP=0. 


It is the circumstance that P is not proportional to E 
in the usual sense which makes the description of the 
phenomenon in terms of a dielectric constant meaningless. 


It is perhaps worth noting that the discussion 
of the polarization of dielectrics may well serve 
as an introduction to electrolysis. For instance, 
two conducting plates separated by a medium 
made up of sodium and chlorine ions in equal 
numbers may constitute a condenser or an 
electrolytic cell. If the medium is in the solid 
state (a slab of crystal), the ions are bound, 
whereas in the molten state they are free to 
move. In each case increasing the potential 
difference between the plates increases the 
strength of the field in which the ions are 
located. This results in the first case in a larger 
displacement of the ions and a corresponding 
increase in polarization; in the second, it causes 
an increase in the speed of the ions and hence a 
larger current. 

In conclusion, the writer frankly admits that 
he has outlined the way in which he would like 
to teach electrostatics and that his performance 
in the classroom fell far short of this ideal. He 
writes in the hope that before he is again called 
upon to teach the subject some author will have 
brought out a book on general physics in which 
electrostatics is discussed somewhat along these 
lines. He acknowledges his debt to his colleagues, 
M. W. Garrett and W. C. Elmore, whose com- 
ments and advice have made this paper possible. 


OTHING tends so much to the advancement of knowledge, as the application of a new instru- 

ment. The native intellectual powers of men in different times are not so much the causes of the 
different successes of their labours, as the peculiar nature of the means and artificial resources in 
their possession.—Humpury Davy, Collected Works (1849), vol. IV, p. 37. 





The Physics Laboratory at the University of Minnesota 


J. W. Bucuta 
Department of Physics, University of Minnesota, Minneapolis, Minnesota 


FTER one has built a home for himself, and 

has lived in it for a few years, he is often 
heard to say: “If I build again I shall (or shall 
not) do this or that. . . .” The editor of this 
journal has suggested that a physics department 
which has lived in a building for a decade may 
have more pertinent information to give on 
building details than can be given by a depart- 
ment which has just moved into a new structure. 
I shall, therefore, describe some of the features 
of the laboratory and details of equipment at the 
University of Minnesota that may be of interest 
to others in designing a new building or remodel- 
ing an old one. The details of dimensions, ex- 
terior finish and construction materials will not 
be described except as they are given by photo- 
graphs (Fig. 1) and the floor plans (Fig. 2) which 
are drawn to scale. The building is adequate to 
serve the needs of 1000 undergraduate students, 
taught mainly in large lecture sections, and 25 
graduate students, who for the most part will 
be engaged in experimental research. A staff of 
9 full-time members is also housed satisfactorily. 


Lecture rooms 


There are three lecture rooms, all placed on 
the first floor in order that the large student body 


Fic. 1. Front of building. 


will not find it necessary to go to parts of the 
building given over to laboratory work. The 
seating capacities are 500, 200 and 165. The three 
rooms are served by a common apparatus and 
preparation room (Fig. 2, first floor plan). This 
preparation room has no outside windows or 
doors through which dust may enter. In order to 
circulate as little dust as possible, ventilation of 
the room is obtained entirely through the doors 
to the adjacent lecture rooms. The apparatus 
room is equipped with cases, each shelf of which 
is lighted by properly placed lamps. 

The lecture rooms have fixed lecture tables. 
We sometimes wish these were movable in sec- 
tions which could be prepared with apparatus in 
the adjacent storeroom and rolled into the lecture 
room during the intermission between classes. 
The black tops of the tables have recently been 
covered with white linoleum of ordinary floor 
grade. This covering gives a better background 
for showing apparatus. The tables are equipped 
with multiple gas, air and electric outlets, dis- 
tributed along the table. Heavy current, 110—220-v 
d.c., a.c., single-phase and three-phase electric 
outlets are available. There is also a large volume 
compressed air outlet in addition to the usual 
small laboratory table outlets. The lights of the 
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rooms may be controlled from either end of the 
tables as well as at the entrance to the rooms. 
The skylights are also controlled by switches at 
the tables. 

Projection screens of white plaster are placed 
on the front walls above the blackboards and on 
each of the side walls near the front of the rooms. 
These side walls are set at angles (Fig. 2, first 
floor), and the screens on them are used more 
often than those on the front wall. The lecturer 
himself can operate the lantern from the lecture 
table. Unless the audience is very large and the 
seats along the wall are occupied, everyone in the 
room can see the projections very well. These 
screens also serve for shadow projection of small 
pieces of apparatus on the lecture table. By such 
projection a large class can, for example, see the 
motions of the leaf of an electroscope. 
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Galvanometers are placed on the rear wall and 
a spot projected on the front wall. Several 
galvanometer outlets are situated along the 
lecture table and a control box which permits 
variation of sensitivity is placed in a drawer. 

A sink and hot and cold water outlets are 
available at one end of the lecture table. The 
terrazzo floor at that end of the table has a drain 
and no harm is done if, in an experiment, water 
is spilled over the floor. 

The blackboards are illuminated by lights in a 
trough placed above and a short distance in front 
of them, and by lights placed below the edge of 
the lecture table and directed toward the boards. 
The blackboards are single slate slabs. We some- 
times wish they were the multiple sliding type. 

The top of the lecture table is illuminated by 
a bank of lights in the ceiling backed by reflectors 
directed toward the table. The ceiling lights of 
the room are divided into groups which may be 
controlled individually or by the relay switches 
that control the entire system. In this way one or 
more lights may be left on, thus permitting the 
class to see the lecturer perform an experiment 
and at the same time have the room darkened 
enough to render visible the spot from the 
galvanometer. 

Both large and small lecture rooms are clear of 
supporting posts. The rear corners of the large 
room, which are inefficiently used in such a room, 
are given over to storerooms (see Fig. 2). 


Undergraduate laboratories 


Our undergraduate laboratory sections consist 
of 12 to 16 students and are assigned to separate 
rooms. A graduate assistant is in charge of each 
section. The laboratory rooms for mechanics, 
heat, light and electricity are in groups of three. 
Each room will have equipment for one experi- 
ment at a time. Students usually work indi- 
vidually but, for some experiments, in groups. 
In this way three experiments, in mechanics, for 
example, may be taught simultaneously. The 
students in the course rotate from room to room 
for the various experiments. 

In the 12 rooms as many as 192 students may 
be accommodated at one time, although until 
recently the sections have been restricted to 12 
students each, a total of 144 at one time. No set 
of rooms has been designated as acoustic labora- 
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tories. Experiments in sound are performed in the 
optics or heat laboratories. 

Some of the apparatus is permanently attached 
to the walls of the rooms but the larger part of 
it is kept in storerooms until it is brought out for 
use. It is then placed on movable tables or, in 
several of the laboratories, on brick piers. 

The windows of the optics laboratories are 
equipped with lightweight fiber doors placed 
within the window frame and opening inward. 
These can be used to darken the room. 

Gas, air and electric outlets are placed at 
numerous points about the walls and also in the 
floor at table locations in all of the laboratories. 
The electric outlets are the standard gang of a.c., 
d.c., two low voltage battery and two high volt- 
age battery outlets which are described later. 

The intermediate laboratories are on the base- 
ment floor and adjacent to the elementary labora- 
tories on the second and third floors. The larger 
of these ‘Modern Experimental Laboratories’’ 
have a number of large piers. Those on the upper 
floors are especially equipped for the various 
subjects; for example, the optics laboratories 
have adjacent dark rooms. 

Our plan of instruction does not require many 
recitation rooms. One large one on the first floor 
and the seminar rooms suffice: 


Research facilities 


As indicated in the floor plans, nearly all the 
research rooms are located on the basement floor. 
The level of this floor is about 5 ft below the 
grade line, which permits some lighting by sun- 
light through light-wells outside the windows. 

Most of the research rooms are single, but a 
few are large enough for several projects or a 
project requiring considerable space. +The choice 
of room sizes seems to have been a happy one, as 
no research project has developed which could 
not be accommodated. A recent demand was met 
by the vertical shaft. Several experiments have 
been carried out in it, but it recently proved most 
satisfactory for a long column in which isotopes 
are separated by thermal diffusion. 

All of the research rooms are equipped with 
brick piers with Alberene tops. These are table 
height and are of two sizes, 32X32 in. and 
32X60 in. The piers are equipped with water 
supply, small drains, gas, air and one of the 
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standard electric outlet panels with a.c., and d.c. 
outlets, two outlets for low voltage circuits and 
two outlets for high voltage work. Figure 3 shows 
a side of a pier in use. 

Placed along the walls of the laboratories and 
research rooms are channel irons into which bolts 
may be slipped at various points. There are 
usually two such horizontal channels placed 
about 3 ft apart and running the entire length of 
the wall. We have found them extremely con- 
venient for attaching apparatus to the wall. Very 
rarely has it been necessary to dig holes in the 


Fic. 3. Typical pier in research rooms. Electric outlets, 
drain, gas, air and water outlets are seen on the side just 
below the Alberene top. 


tile walls. All workers in the laboratory have been 
very enthusiastic about this arrangement. Figure 
4 shows a small shelf and the method of attach- 
ment. These channel irons are strong enough to 
support heavy apparatus or extensive shelves, 
as in Fig. 5. We have also set bolts into the con- 
crete joists. These bolts extend a few inches be- 
low the plaster and are placed above piers and 
at other likely points about the research rooms 
and undergraduate laboratories. They have 
proved quite convenient for attaching appa- 
ratus. Thimbles have been placed in the tile 
walls between many of the rooms to permit 


temporary electric circuits or other connections 
to be made. 
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Electric equipment 


In a sub-basement room we now have 5 motor 
generator sets: 5 kw, 110 v; 15 kw, 110 v (these 
are driven by synchronous motors); 5 kw, 250 v; 
15 v, 100 amp, for charging storage batteries 
about the building; and 3.5 kw, 750 v, for charg- 
ing high voltage batteries. These are all connected 
with, and controlled from, a central power 
switchboard on the basement floor, from which 
the current is distributed to the various parts of 
the building. 

The battery switchboard (Fig. 6) is unique. It 
is essentially a large bank of bus-bars extending 
entirely around the room. The battery terminals 
are at the base of the board. The terminals are 
two clips such as are used for cartridge fuses. 
Into these, vertical connectors may be placed. 
Several are shown in Fig. 6. These connectors 
extend upward to any pair of bus-bars that may 
be chosen. The upper ends of the connectors have 
clips, such as are used in knife switches, and fit 
over the bus-bar. The room circuits terminate at 
the top of the board in fuse clips like those at the 
bottom of the board. The upper connectors are 
similar to those used below except that they are 
inverted and are double. The upper connectors— 
‘“‘jumpers,”’ we call them—are made of two brass 
tubes attached to insulating blocks at each end. 
The lower connectors are similar single tubes. 
Such an arrangement has great flexibility. Any 
cell or group of cells may be connected to any 
circuit. Only one set (two pairs) of connectors, 
or jumpers, of complementary lengths are avail- 
able, so that if a set is on the storage rack we can 
be sure that the bus-bars to which they will 
reach are not in use. 


hm 


Fic. 4. Chan- 
nel irons placed 
in the walls to 
support = shelv- 
ing, instruments, 
etc. An electric 
outlet, and gas 
and air lines are 
shown above the 
shelf. 
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As originally wired, each cell (2 v) in the low 
voltage bank and each group of cells (50 v) in the 
high voltage set had a separate pair of leads, and 
switches were placed between each pair of leads 
so that the circuit could be insulated from the 
rest of the board. Such an arrangement intro- 
duced a large amount of resistance: This has been 
reduced by connecting the low voltage cells into 
groups of three directly at the cells. The arrange- 
ment gives a very neat and flexible switchboard 
without a mass of wires as is necessary when 
conical plugs are used. Our switches (a form of 
snap switch) were none too good and the com- 
bination does give a high line-resistance. Some 
of the switches have been replaced by the 
knife type. 

The standard electric outlets mentioned earlier 
are distributed generously throughout the build- 
ing. These small panels contain four conventional 
duplex receptacles like those used in a residence. 
One is connected to the 110-v, a.c. lines, another 
to the power switchboard and can then be con- 
nected to 110-v d.c. or a.c. or 220-v d.c. or a.c. 
Two circuits run to the low voltage battery. Two 


_ Fic. 5. This shows how shelving, a switchboard and 
similar items can be attached to the wall without cutting 
holes in the tile. 


additional circuits from the high voltage battery 
board terminate in a special plate with pin-and- 
jack connections. In the research rooms one or 


more such panels are placed on the walls and one - 


on the pier. In the smaller rooms these will be in 
parallel. In the larger rooms there are several 
groups with independent circuits. One of the 
outlets is shown in the upper part of Fig. 4. A 
distinct disadvantage of these outlets is that all 
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Fic. 6. The 
battery switch- 
board. Less 
than one-half 
of the low volt- 
age board is 
shown. A simi- 
lar board is in- 
stalled for the 
high voltage 
batteries. 


circuits to the rooms contain the variable and 
relatively high resistance of the receptacle. A 
better plan would be to have the circuits from 
the main switchboard terminate in each room at 
a small board with substantial binding posts and 
switches; from this board circuits could be run to 
outlets in various parts of the room such as we 
now have. 

Heavy current circuits, 200 amp capacity, run 
to a number of the research and advanced labora- 
tories. These terminate in heavy knife switches. 
Either d.c. or a.c., 110 or 220 v may be placed on 
these lines. 

The batteries in the sub-basement consist of 
110 cells (220 v) of high ampere-hour capacity, 
and 3000 cells (6000 v) of low ampere-hour 
capacity. As the high voltage cells become old 
and useless they will be replaced largely by 
electronic devices. 

Nearly all the wiring is placed in closed con- 
duits. This makes a very neat and safe installa- 
tion, but it also makes it difficult and expensive 
to add or reroute circuits. Such changes could be 
made much easier if the wiring, at least much of 
it, were placed in channels that could be opened. 


Shops 


The shops are in the basement and include a 
wood shop and metalworking shop open to 
graduate students and staff. A mechanic is on 
duty in these rooms to aid those who bring in 
work and also to build and repair apparatus for 
the student laboratories. The general University 
instrument shops are also in our building and 
occupy three rooms. One of the men in these 
shops is assigned to the Physics Department. A 
third mechanic or research assistant and the 
University glassblower have rooms near the 
general shops. All of the physics shops are served 
by adjacent stock rooms for metals, wood and 
glass. The shop rooms are crowded, and we hope 





Fic. 7. Display cabinet in corridor which may be 
operated by students. 


to assign additional rooms in the basement or 
sub-basement to the shops. 


Heating and ventilating 


The offices and smaller rooms are heated by 
radiators in the rooms. The lecture rooms have 
individual heating and ventilating systems. The 
air is heated and washed in the fan room (sub- 
basement) and circulated to the lecture rooms. 
The system for each room is separate from all 
other parts of the installation and may be con- 
trolled by switches at the lecture table. The 
heated air enters through registers near the ceil- 
ing and is withdrawn through ‘‘mushrooms” 
under the lecture seats. The noise level is low and 
the operation of the system disturbs no lecturer. 

The ventilating system for other parts of the 
building is divided into sections, each with its 
own fan in the sub-basement. This permits a very 
flexible control. Special fans are furnished for 
hoods and for the battery room. 


General features 


The interior tile walls are all double with a 
clear space of about 2 ft between them in which 
are placed all the conduits, water pipes and 
ventilating shafts. Although the corridors, labora- 
tories and offices are therefore entirely clear of 
these conduits, etc., the plan does result in con- 
siderable space between these walls which is not 
used. We are now building into such clear space 
storage cabinets which open with slab doors onto 
the corridors. A number of them have been com- 
pleted in the corridor on the second floor and 
have been found very satisfactory. 

The corridor of the first floor has a number of 
display cabinets (Fig. 7) containing various ex- 


BUCHTA 


periments that can be operated by the public. 
These cabinets are placed in the space between 
the two tile walls which we find ample for many 
interesting experiments. Our lecture rooms are 
used by outside groups as well as by physics 
classes, and many students, while waiting for 
classes, entertain themselves by operating these 
devices. 

In a recently constructed building on our cam- 
pus the space in the double walls has been re- 
cessed where that is possible and in this space a 
long rail with coat racks is placed. Such an ar- 
rangement is convenient in Minnesota, for other- 
wise a part of the seats in any lecture room in 
the winter must be given over to coats and 
wraps. 

In the sub-basement two large rooms have 
been finished and are used as a ‘‘morgue.”’ Old 
research equipment, lecture and laboratory ap- 
paratus which are no longer in use, and odd pieces 


Fic. 8. The high voltage generator of the Van de Graaff 


type. The steel tank permits operation at air pressure of 
100 Ib in.~. 
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of stock are placed in these rooms. We have 
found them extremely useful and they have 
justified their expense many times in the saving 
of space in other parts of the building and in the 
saving of time and materials that would have 
been spent on new apparatus if the old had not 
been available. 

The building has been modified slightly for the 
installation of a high voltage Van de Graaff 
generator at the rear of the building (Fig. 8). The 
control room and apparatus room below the steel 
tank are entered from the basement. 

An astronomical dome has been added to the 
roof (Fig. 1) since the building was constructed. 
A portion of the third floor and the roof house 
(not shown in Fig. 2) is given over to the depart- 
ment of astronomy. 
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Our building has been found most satisfactory. 
Desired changes have been made, for the most 
part easily. We may characterize the building as 
“versatile”; it adapts itself to the continually 
changing trends of research. For its plan, the 
Department of Physics is most grateful to Dr. 
Henry A. Erikson, now Professor Emeritus. It 
was due to his foresight, in planning for many 
years in advance of the appropriation of funds, 
that we have such a building. When the funds 
were available, the plans were also very quickly 
put into final form. It is interesting to note that 
this is the second building for physics on this 
campus which Doctor Erikson helped plan and 
on which he supervised construction; the previ- 
ous building, completed in 1904, is now used for 
other purposes. 


Considerations on Ballast Resistors 


WILLIAM R. HASELTINE 
Department of Physics, University of California, Berkeley, California 


NE of the simplest means of stabilizing the 
current in a load against fluctuations in the 

line voltage is the use of a hot wire ballast re- 
sistor. The theory of the operation of this device 
is sufficiently elementary that its derivation or 
application might be used as a problem in an 
intermediate course on electricity. In fact, the 
problem is presented in an oversimplified form 
in Loeb’s Fundamentals of Electricity and Mag- 
netism.' Since an analysis of the operation of the 
ballast resistor does not seem to be readily avail- 
able, the following discussion of it is presented. 
The primary characteristic of the device is 
simply a resistance which increases with the 
power dissipated in it, so that the current through 
the wire increases less rapidly than the potential 
drop across it. As usually built, including com- 
mercial designs, the ballast consists of an iron 


filament in an atmosphere of hydrogen. It is run 


at a dull red heat. 

In the example in the text referred to, the 
problem is stated essentially as follows. A wire 
has a resistance given by 


1L. B. Loeb, Fundamentals of electricity and magnetism 
(Wiley, ed. 2, 1938), p. 479. 


R=R,(1+<a#) (1a) 


and dissipates energy at a rate 


P=Py, (1b) 


where ¢ is the difference between the temperature 
of the wire and room temperature. If J is the 
current and V is the potential drop, it is desired 
to find the current for which the quantity dJ/dV 
is zero. This would be the point at which stabili- 
zation is complete. From the equations 


V=IR, 
P=VI=[?R 


(2a) 
(2b) 


and Eqs. (1), one can eliminate ¢, obtaining J as 
a function of V (or vice versa). Thus, explicitly, 


V=Rol/(1—aRol?/P;). (3) 


For I=4/(P:/aRo), dI/dV is, it is true, zero; but 
for the same value, V, according to Eq. (3), be- 
comes infinite. 

This unsatisfactory indeterminacy is a result 
of the oversimplification inherent in the forms 
assumed for R and P as functions of ¢. Consider 
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the more general forms, 


R=Ro(1+ait+art?+ ---), (4a) 
P=(Pit+P2f?+---). (4b) 
If the higher order terms are not neglected, the 


indeterminacy does not arise. For example, if 
one writes 


R=R,)(1+eait+a2/), (5a) 
and rejects all higher order terms as negligible, 


one obtains the following. 
From Eggs. (2), 





P=, (6a) 

V*=PR (6b) 
or : 

I?=Pyit Ro(A+teait+azl?). (7) 
Now 

dI dI sdV 

=— / —. (8) 
dV dit/ dt 


Taking derivatives with respect to ?, 


aI PRM) 
dt Ro?(1+ari+act?)? 
At such a temperature, then, that 
t=+/(1/a2), (10) 


dI/dt will be zero, and hence from Eq. (8), 
dI/dV will also be zero. Under these conditions 
R=Ry(2+01/+/ax), and P=P,/V/ox. 


The current in this state is given by 


I= P,/Ro(2\/a2+a). (11) 


This is an ideal case, of course, and if higher 
order terms are required, the solution is less 
simple. In particular, it is not always possible to 
find a current such that dJ/dV=0. (This is im- 
possible even in the foregoing case if a, is nega- 
tive.) Furthermore, the resistance and power 
characteristics of a given filament would be dif- 
ficult to obtain. It is, however, easy to obtain the 
resistance of a given device as a function of the 
power dissipated in it; this requires only a simple 
series of current and potential measurements. It 
is, therefore, convenient to use the power, rather 
than the temperature, as the independent vari- 
able. It is also convenient to change the point of 
view to that described in the next paragraph. 
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Consider a load resistance R,, taken as con- 
stant. Let the current be J, the potential drop 
be Vz and the power developed be P1. Then 
V4=P Rt, 2VidV.,=R1idPy, and 


dP ,/P,=2dV1/V1. (12) 


This states that, for small changes, the propor- 
tional change in the power is twice the pro- 
portional change in the voltage. If a ballast be 
placed in series with the load, and the voltage 
across both be V, one will find that 


dP 1/Pr=ydV/V. (13) 


If the ballast is so chosen that y is very small, 
then the proportional change in the power de- 
veloped in the load is much smaller than the 
proportional change in line voltage, and stabiliza- 
tion is attained. The amount by which y is 
smaller than two is a measure of this stabilization. 

Let R, be the resistance of the ballast, P, the 
power dissipated in it and V; the potential drop 
across it. Let R, be regarded as a function of 
P,. Then 


V?=(Ri+Rs)(Pi+P»), (14) 
I?=P,/Ri=P,/R 

=(P1r+P,)/(Ri+R;), (15) 

dP,/Ri=dI?=(dP;/R:) — (Psd Rs/Rs?) (16) 


or 


i P, dR, 
aP,/Ri=—(1-— —— }dP, 
b R, dP, 
dP, 
=(1—X,)—. (17) 
b 
This defines 
X»= (P2/Rr)(dRo/dP»). (18) 


Differentiating Eq. (14), 
2VdV=(R1i+ Ro) (dP1+dP») 
+(Pir+P2)(dRo). (19) 


Using Eqs. (15) and (16), one obtains by simple 
algebra, 


2dV 1+X2(R,—Rxr)/(Ro+ Rr) dP x 








(20) 
V (1—X,) Ft 
or 
dP, 2(1—X2) dV dV 
=y—. (21) 


P, 14+X.(R:—R1)/(R+Ri) VV 
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Equation (21) says that when X,, or (P,/R>) 
(dR,/dP,), is nearly equal to one, y is very small 
and the stabilization good. 

The resistance R, can be obtained as a function 
of P, for a given ballast, and dR,/dP, can then 
be found, by graphical differentiation if neces- 
sary. Thus the range in which this device will 
give stabilization is ascertained, and its useful- 
ness for the purpose in hand determined. 

If the load resistance also varies with the power 
developed, this must be taken into account. One 
can define, analogously to Eq. (18), 

X.=(P1/R1)(R1/dP 1) (22) 
and then obtain 


dPy,_ydV 
PP, O¢ 


- 2(1—X>) dv 
~ 1—X,X14+(Xs—X1)(Re—Rz)/(Rs+ Rr) V 


(23) 


The appearance of X, expresses the effect 
of a variable load resistance in decreasing the 
stabilization. 

In any case, it is of advantage to have R, 
considerably larger than Rz, for this increases 
the term (X,—X 1)(Rs—R1)/(Rs+Rx) occurring 
in the denominator. 

The curves of Fig. 1 illustrate these equations. 
The data were obtained in the electrical engi- 
neering laboratory through the kindness of Pro- 
fessor L. C. Marshall. The ballast used was an 
RCA 886 tube, and the load was the heater of a 
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ciently to give maximum compensation. 
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type-80 tube. The nominal rating of the 80- 
heater is 2.0 amp, 5.0 v. The 886 tube is supposed 
to provide stabilization at 2.05 amp, with a drop 
of 40 to 60 v across it. Curve J shows P, the load 
power, plotted as a function of the line voltage 
V. Curve 2 shows y as calculated directly from 
curve J. The derivative dP,;/dV was taken 
graphically. To obtain curve 3, R, and R»,, were 
plotted against P, and P,, respectively. Deriva- 
tives were taken graphically, and y calculated 
according to Eq. (23). The agreement between 
curves 2 and 3 is probably as good as can be 
expected, considering the uncertainties of evalu- 
ating the derivatives. They show at least that 
the performance can be predicted to better than 
a merely qualitative degree. It should be noted 
that X , was very small in this case, or, in other 
words, that the load resistance was nearly con- 
stant but not completely so. The data were ob- 
tained using 60-cycle a.c. 

The usefulness of iron as a stabilizing element 
may be due to the fact that it has a transition 
point at about 700°C, near the operating tem- 
perature. One would expect a marked change in 
the resistance characteristic at such a point. 
These changes should show up most markedly 
in the values of dR,/dP, as a function of P». As 
actually found, this derivative rises rapidly 
through most of the region where stabilization 
is effective, and shows a rather sharp break to 
lower values near the upper end of the range. 
No attempt has been made to correlate this with 
temperature, but it is clear that the electric 
properties of the wire are changing rapidly 
throughout the stabilized regime. 

The minimum value of y is here about 1/11. 
This is probably about as large a degree of sta- 
bilization as can be obtained by this means. (This 
is a stabilization factor of 22.) It should be 
pointed out that there is one serious fault in this 
method of control. When the line voltage 
changes, there is a lag of as much as 1 min before 
the temperature of the ballast changes suffi- 
The 
method is still of value, however, in reducing 
fluctuations and as a protective measure. 


E stand, today, with our mechanical foot in an airplane and our social 
foot on an ox-cart—HARR¥ ELMER BARNES. 





The Prenatal Existence of the Reflecting Telescope 


L. W. TAyYLor 
Oberlin College, Oberlin, Ohio 


HE reflecting telescope in its present form 

dates from the seventeenth century. The 
credit for first describing it goes to NICCOLO 
Zuccui as of 1652 and for first constructing such 
a telescope to IsAAC NEWTON as of 1668. There 
seems to be no tendency to question the priority 
of these men. But, at least in science and tech- 
nology, major developments seldom spring full- 
fledged into existence. Hence it is no detraction 
to identify the early ideas and the rudimentary 
devices which precede great discoveries. 

There is some indication that concave mirrors 
were in use as telescope objectives as long as three 
hundred years before the time of ZuccuI and 
NEwTON. There is no evidence that magnifying 
glasses were used to view the images formed by 
these objectives, though the properties of con- 
verging lenses used as magnifiers are described in 
detail, albeit not entirely correctly, in some of 
the writings of that period,' and a few such lenses 
are known to have been made and used.? If clear 
evidence should ever be adduced that eyepieces 
were utilized in conjunction with the concave 
mirrors known to have been constructed and 
used at that time, it would be necessary to revise 
the prevailing idea of the date of birth of the 
reflecting telescope. It is very probable, however, 
that the eyepiece, as an adjunct to a telescope 
objective, was not devised until much later, the 
concave-mirror objectives being originally made 
to do duty without eyepieces. Telescopes can be 
so used, fairly effectively, as many physicists can 
testify out of incidental experiences in the 
laboratory. 

At one time the thirteenth-century friar, 
ROGER BACON, was erroneously credited, in a 
famous mistranslation, with having been the first 
to describe a refracting telescope. The error was 
made by the translator, of course, and is not to 
be held against BACON. In any case, it was cor- 


! Roger Bacon, Opus majus, tr. by R. B. Burke (Oxford 
Univ. Press, 1928), vol. II, pp. 569, 574. 

2 Roger Bacon, Opus tertium, ed. by J. S. Brewer (Long- 
mans Green, 1859), p. 111. 


rected as long ago as 1890* and has no direct 
bearing upon the present paper except for the 
reaction which such episodes inevitably produce, 
creating a presumption against the validity of 
any further claims for the party involved. Such 
a presumption might come into play against the 
indications, presently to be presented, that 
ROGER BACON, among others, made and used 
concave mirrors in the way just suggested. Let 
it be clear, at least, that it is fully recognized 
that the evidence against BACON’s association 
with the refracting telescope is conclusive on 
several counts. 

The documentary evidence offered herewith 
on the work of BACON and others with concave 
mirrors prior to the actual birth of the reflecting 
telescope is not new. Moreover, no single one of 
the references can be considered more than mildly 
indicative. They were encountered one at a time 
in the course of some recent studies on the history 
of optics. At first paying little attention to them, 
the writer presently found himself somewhat im- 
pressed by the convergency of some six lines of 
evidence from independent sources. Though their 
content is meager, as is almost all historic ma- 
terial of that period, yet the prominence of their 
common factor suggests that here may be an 
episode in the many-sided life of ROGER BACON 
which has not received the attention that it 
merits. The lines are as follows. 

First, in his Opus Tertium (pages 46, 112, 116) 
Bacon tells of his efforts to construct large 
concave mirrors. The first mirror was completed 
in 1267 or soon thereafter. He and his assistant, 
the famous PETRUS PEREGRINUS, devoted an 
immense amount of time and effort to this under- 
taking. After working no less than three years 
almost exclusively on this labor and expending 
the sum of 60 Parisian pounds (the modern 
equivalent of about $2000), BAcon at last suc- 
ceeded in making a mirror with which he was 
satisfied. Unfortunately he does not tell what his 
criterions of excellence were, nor what he did 
with his mirror when it was finished. Apparently 


3 Wiedemann, Wiedemann’s Ann. 39, 130 (1890). 
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REFLECTING 
he made others, for he says: 


The first mirror cost sixty Parisian pounds, and 
afterward I managed to make a better one for ten 
Parisian pounds, and after that, as a result of my 
diligent experimentation with them, I perceived that 
still better ones could be made for two marks or even 
for less. 

BACON does not refer again explicitly to these 
mirrors, but at various points in three of his 
other publications! which, taken together, may 
be termed the second of our six lines of evidence, 
he tells of his observation that the focal point of 
a concave mirror is half the radius away for rays 
in the region of the axis, but that it is much 
nearer the mirror for rays reflected from the 
remoter zones. If this originates in anything 
more than geometry, he could scarcely have 
observed such a phenomenon without a rather 
high quality mirror at his disposal. 

The next time we hear of BACOoN’s mirrors is 
more than a century later in the writings of one 
Peter of Trau in Dalmatia in the year 1385, which 
will be considered our third line of evidence. He 
states that 


Friar Roger, called Bachon, an Englishman .. . 
made two mirrors in the University of Oxford; by one 
of them you could light a candle at any hour, day or 
night; in the other you could see what people were 
doing in any part of the world.5 


In these statements, notwithstanding their ob- 
vious exaggerations, are evident the burning- 
glass and at least a rudimentary predecessor of 
the reflecting telescope. PETER goes on to say 
that the students of Oxford spent so much time 
experimenting with these mirrors, to the detri- 
ment of their studies, that both mirrors were 
broken by order of the university authorities. 
Evidently the problem of extracurricular ac- 
tivities is not of recent origin. 

Commentators are inclined to belittle this 
account of 1385 because of its close juxtaposition 
with a story, by the same author, in which 
BACON is said to have constructed a bridge of 
solidified air and then caused it to disappear 
again after he had crossed over it. The bridge - 
episode and the account of the two mirrors ap- 
pear in the same paragraph, though they are not 
textually connected. Despite the implication that 


‘See E. Hoppe, Geschichte der Physik, p. 249. 
5 A. G. Little, Proc. Brit. Acad. 14, 265 (1928). 
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both are made up out of the same cloth, it does 
not follow that the cloth was entirely woven of 
imagination. One wonders whether the good 
PETER was not relating the experience of some- 
one who had been the victim of an optical illusion 
by one of the mirrors. How might writers of that 
time have described, for example, the classical 
modern mirror demonstration, in which the real 
image of a bouquet of flowers is placed in a 
corporeal vase and made to appear and disappear 
at will by controlling the illumination? 

The fourth reference to BACON’s mirrors was 
in 1551, in a book entitled Pathway to Knowledge 
written by ROBERT RECORDE. RECORDE was 
court physician to Edward VI. He was a mathe- 
matician of some contemporary note, a lecturer 
on geometry at Oxford. In his preface, comment- 
ing on the fact that the vulgar ignorant are 
inclined to attribute all unfamiliar occurrences to 
magic, he used Bacon and his mirrors as an 
example: 

And hereof came it that fryer Bacon was accompted 

so greate a negromancier, which neuer vsed that 

arte. . . . Greate talke there is of a glasse that he 
made in Oxforde in which men myght see thynges 
that were doon in other places, and that was iudged to 
be doon by power of euyll spirites. But I knowe the 
reason of it to bee good and naturall and to bee 


wrought by geometrie . . . and to stand as well 
with reason as to see your face in common glasse. 


For the fifth line of evidence we have to go 
only 20 years beyond the time of ROBERT RE- 
CORDE, which leaves still 80 years before the first 
explicit description of the reflecting telescope by 
ZuccHI. THOMAS DIGGEs, a military commen- 
tator, tells in a book entitled Pantometria (Pref- 
ace, edition 1, 1571) of the advantages of certain 
optical devices worked out by his father, 
LEONARD DIGGEs. 


My father, by his continual paynful practises, assisted 
with demonstrations Mathematicall, was able, and 
in sundry times hath, by proportionall Glasses duly 
situate in conuenient angles, not onely discouered 
thinges farre off, read letters, numbered peeces of 
money with the very coyne and superscription thereof, 
cast by some of his friends of purpose vppon Downes 
in open fieldes, but also, seuen myles of[f] declared 
what hath been doon at that instant in priuate places. 
He hath also sundrie times by the Sunne beames fired 
Powder and discharde Ordinaunce halfe a myle and 
more distante, which thynges I am the boulder to 
reporte for that there are yet liuing diuerse Oculati 
testes (of these his dooings). 
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And again, in 1579, in a second book entitled 
Stratiotikos (edition 1, page 89), DIGGEs recounts 
similar exploits of his father and continues: 


As sithence Archimedes (Bakon of Oxforde onely 
excepted) I haue not read of any in Action euer able 
by meanes naturall to performe ye like. Which partely 
grew by the aide he had by one old written booke of 
the same Bakon’s Experiments, that by straunge 
aduenture, or rather Destinie, came into his hands. 


Though DiGGEs does not explicitly mention the 
concave mirror, his second comment follows a 
section setting forth periscopic uses of plane 
mirrors in surveying. Reflection is certainly im- 
plied as the means by which these effects were 
secured. If these things were actually done as 
alleged, then the elder DiGGEs has the distinction 
of having used some kind of rudimentary tele- 
scope, presumably of the reflecting type, fully a 
century before the complete reflecting telescope 
came into being, whether any credit be con- 
sidered due to BACON or not. 

The sixth and last line of evidence the writer 
approaches with trepidation. It has to do with a 
document which has suffered severely from ap- 
parently excessive claims that have been made 
as to its content. Fortunately there seems to be 
no difference of opinion about the likelihood of its 
being an authentic thirteenth-century document. 
It therefore takes us back again to the time of 
Bacon. There seems to be a certain amount of 
doubt whether it is actually from his pen, though 
even the most refractory critics do not raise 
much of an issue against that contention. The 
document is the so-called Voynich manuscript, 
the principal study of which was made by the 
late PROFESSER NEWBOLD of the University of 
Pennsylvania. NEWBOLD’s work on this manu- 
script, quite incomplete at the time of his death, 
was, nevertheless, collected and posthumously 
published in 1928 under the title, The Cipher of 
Roger Bacon. The storm of criticism which this 
publication aroused® indicates that a_ better 
service might have been done the memory of the 
author by allowing his work to remain unpub- 
lished. The chief objection seems to be that 
NEWBOLD’s method of decoding the cipher was 


® Manly, “Roger Bacon and the Voynich Ms.,’’ Specu- 
lum 6, 345-9 (1931); G. Sarton, Isis 11, 141 (1928); A. G. 
Little, Proc. Brit. Acad. 14, 265-6 (1928). 
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so loose that it allowed almost any interpretation, 
and that the author did, in fact, allow his en- 
thusiasm and fertile imagination to supply much 
in the translation for which there is little warrant 
in the original.’ 

Fortunately, very little dependence upon 
NEWBOLD’s rendition is necessary. At one place 
in the manuscript there is an illustration which, 
to anyone acquainted with physical science, 
clearly suggests a spiral nebula. NEWBOLD trans- 
lates the accompanying text in part as follows: 
“Vidi stellas in speculo concavo, in cochleae 
forma agglomeratas.”” NEWBOLD is certainly 
wrong in his accompanying speculation that the 
writer of the manuscript was observing and de- 
scribing the Andromeda nebula. A conclusion that 
it was some unidentified spiral nebula would have 
been less untenable, in view of the support fur- 
nished the text by the illustration, but even that 
is only an incidental item from our present stand- 
point, albeit an item of considerable interest. 
The important thing is that at some very early 
time, probably in the thirteenth century, some- 
one, whoever he may have been, used a concave 
mirror as a visual aid in stellar observation. Such 
an episode, if clearly established, would help 
materially in identifying a stage in the prenatal 
development of the reflecting telescope. 

This concludes the six references which were 
mentioned at the outset. Perhaps it should be 
repeated that no single one of them can be con- 
sidered as more than mildly indicative, and 
perhaps all of them taken together are not more 
than that. These six lines do not exhaust the 
known evidence on the point at issue, but seem 
to be the least equivocal. Moreover, even if they 
were as circumstantial and conclusive as could 
be desired, they would, to judge from their trend, 
merely make clearer some stages leading up to 
the development of a very useful tool, the credit 
for the actual first construction of which is in no 
way called into question. 


7 Without maintaining that these criticisms are unjusti- 
fied, one may remark that the depth of invective in which 
one of the critics has permitted himself to indulge can 
scarcely act to attract scholars to a field in which that 
same critic elsewhere deplores the lack of activity. The 
criticism involves such terms as “idiotic thing,”’ ‘‘cranks,”’ 
“‘Baconian fools”’ [G. Sarton, Isis 11, 144 (1938) ]. Compare 
with Sarton’s Introduction to the history of science, vol. II, 
part 2, p. 964: ‘‘The lack of a complete edition of Bacon’s 
work is a real shame.” 
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Reproductions of Prints, Drawings and Paintings of Interest in the History of Physics 


14A. Paintings of Lectures at the Royal Institution: Michael Faraday Lecturing on “Metals,” 
December 27, 1855 


E. C. Watson 
California I nstitute of Technology, Pasadena, California 


SPECIAL course of six Christmas lectures 
adapted to a juvenile audience has been 
given at the Royal Institution of Great Britain 
(see reproduction 11 in this series) every year 
since 1826. These lectures were originated by 
MIcHAEL FARADAY (1791-1867) who _ himself 
gave no less than nineteen of them. His subject 
for 1855-56 was ‘‘The distinctive properties of 
the common metals,” and the first lecture of the 
series was evidently an occasion of importance, 
for the scene was sketched and afterwards 
painted by ALEXANDER BLAIKLEY (1816-1903). 
Plate 1 shows the original sketch as it was 
reproduced in the J/lustrated London News of 
February 16, 1856, while Plate 2 is from the 
painting that now hangs in the rooms of the 
Royal Institution. PRINCE ALBERT, the Royal 
Consort, is shown in the center of the first row 
of the audience with the PRINCE OF WALES 
(afterwards King Edward VII) at his right and 
PRINCE ALFRED (the Duke of Edinburgh) on his 
left. The tallest figure in the first row at the right 
of the lecture table is HENRY BENCE JONEs, 
FARADAY’s biographer and the secretary of the 
Institution from 1860 to 1873. In the fourth row 
are shown JOHN TYNDALL (immediately behind 
PRINCE ALFRED) and Mrs. FARADAY (close to 
the middle of the picture and directly in line 
with the center of the lecture table). Many of 
the other figures have also been identified. 
FARADAY’s skill as a lecturer is well known, 
but it may be of interest to quote the tribute of 
LaDy PoLLock,! a frequent attendant at his 
lectures. 


He [FARADAY ] should be remembered in his charac- 
teristic phases; first as he stood at the lecture table, with 
his voltaic batteries, his electro-magnetic helix, his large 
electrical machine, his glass retorts, and all his experi- 
mental apparatus about him,—the whole of it being in 
such perfect order that he could without fail lay his 
hand upon the right thing at the right moment, and that, 


1 The Saint Pauls Magazine, June, 1870, p. 293-295. 
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if his assistant by any chance made a blunder, he could, 
without a sign of discomposure, set it right. His instru- 
ments were never in his way, and his manipulation 
never interfered wth his discourse. He was completely 
master of the situation; he had his audience at his com- 
mand, as he had himself and all his belongings; he had 
nothing to fret him, and he could give his eloquence full 
sway. It was an irresistible eloquence, which compelled 
attention and insisted upon sympathy. It waked the 
young from their visions and the old from their dreams. 
There was a gleaming in his eyes which no painter could 
copy and which no poet could describe. Their radiance 
seemed to send a strange light into the very heart of his 
congregation; and when he spoke, it was felt that the 
stir of his voice and the fervour of his words could belong 
only to the owner of those kindling eyes. His thought was 
rapid, and made itself a way in new phrases, if it found 
none ready made,—as the mountaineer cuts steps in 
the most hazardous ascent with his own axe. His en- 
thusiasm sometimes carried him to the point of ecstasy 
when he expatiated on the beauty of nature, and when 
he lifted the veil from her deep mysteries. His body then 
took motion from his mind; his hair streamed out from 
his head, his hands were full of nervous action, his light, 
lithe body seemed to quiver with its eager life. His 
audience took fire with him, and every face was flushed. 
Whatever might be the after-thought or the after- 
pursuit, each hearer for the time shared his zeal and 
his delight; and with some listeners the impression made 
was so deep as to lead him into the laborious paths of 
philosophy, in spite of all the obstacles which the daily 
life of society opposes to such undertakings. . . . There 
are instances where a strong effect is produced by a 
speaker who is conscious of it and who strives for it; 
but with Faraday the effect was due to his unconscious- 
ness, to his forgetfulness of himself, and to the concen- 
tration of all his intellect and all his emotion upon the 
thing he was teaching. 

A pleasant vein of humour accompanied his ardent 
imagination, and occasionally, not too often, relieved 
the tension of thought imposed upon his pupils. He would 
play with his subject now and then, but very delicately; 
his sport was only just enough to enliven the effort of 
attention. He never suffered an experiment to allure 
him away from his theme. Every touch of his hand was a 
true illustration of his argument. Foreigners, children, 
and fine ladies felt as if they understood what he told 
them,—partly because of the simplicity and sincerity 
of his manner, and partly because he excited their 
enthusiasm so much that they did not question their 
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PLATE 1. FARADAY LECTURING AT THE ROYAL INSTITUTION 


(From the original sketch of Alexander Blaikley as reproduced in the Illustrated London News.) 


understanding. But his meaning was sometimes beyond 
the conception of those whom he addressed. When, 
however, he lectured to children, he was careful to be 
perfectly distinct, and never allowed his ideas to outrun 
their intelligence. He took great delight in talking to 
them, and easily won their confidence. The vivacity of 
his manner and his countenance, and his pleasant 
laugh, the frankness of his whole bearing attracted them 
to him. They felt as if he belonged to them; and indeed 
he sometimes, in his joyous enthusiasm, appeared like 
an inspired child. 


Another contemporary account of FARADAY’s 
lectures which appeared in Punch of March 14, 
1857, is well worth quoting. It is one of ‘‘Mary 
Ann’s Notions,’’ a series of letters on current 
events supposedly written to Mr. Punch by 
‘‘a fashionable young lady of Victorian tastes.”’ 
All but the two introductory paragraphs are 


quoted in order to give the whole flavor of the 
letter: 


Do you know Dr. FArApDAy? I suppose so, as you 
know all the clever people in the world. Isn’t he a dear? 
We went, that is Lizzy HAMERTON and her brother 


CHARLES, and AuGusTUs and me, to the Royal Institu 
tion the other night, and Dr. FARADAY gave a lecture. 
PRINCE ALBERT was there with his star on, looking so 
grave and elegant; and by the way, I do wish that you 
would not have ridiculous pictures made of him, for he 
is excessively good-looking still, and I dare say much 
handsomer than any of you folks that caricature him. 
He listened with the utmost steadiness, and I do not 
believe he moved half a quarter of an inch all the time. 
They set him in a great chair, you know, exactly in 
front of the lecturer. We had pretty good seats, con- 
sidering that AuGusTuUs kept us waiting a quarter of an 
hour while he smoked his cigar (CHARLES HAMERTON 
don’t smoke), but it is extremely absurd to see rows of 
old gentlemen, mostly with bald heads, in the front of 
the audience, and of course in the best places, while 
ladies are poked up in back rows. When AUGUSTUS came 
from school, he used to say something in Latin—in- 
genious diddy something—meaning that studying the 
arts and sciences hindered men from being Bears! I am 
sure it does not in Albemarle Street, or a couple of the 
old creatures would have given up their places to me 
and Lizzy. 

But the lecture was lovely. It was quite a treat to look 
at dear Dr. FARADAY’s earnest face and silvery hair, 
not that he is an old man, far from it, and he is far more 
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light and active than many a smoky stupid all-round 
collar-man that I know, and I believe that it is the cigar- 
smoke that makes you all so sluggish, and the doctors are 
quite right. CHARLES HAMERTON says that tobacco drives 
almost everybody mad, besides bringing on asthma, and 
blindness, and paralysis, and corns. I hope you don’t 
smoke, my dear Mr. Punch, it would make me very 
miserable if I thought you did. But I was going to 
tell you about the lecture. Do you know what Gravita- 
tion is? Of course you will say you do. Well, it is all 
wrong, and so poor children are not to be bothered by 
Governesses with that rubbish any more. It is all—let 
me have the words right—it is all Conservation of 
Forces. This seemed quite clear to me at the time, 
especially with the beautiful experiments which he does 
so carefully and yet so easily. I am not certain that I 
can explain it quite so well now, but if you hit a piece 
of lead very hard, it sets fire to phosphorus; and if you 
stick up two pieces of iron, and sprinkle nails over them, 
they make a perfect rustic bridge. That is, you know, you 
must put them near an electrifying machine, and when 
vou take away the wires, down comes the bridge, or the 
Tour de Nesle, as CHARLES HAMERTON cleverly said. 
Then if you take a long platinum wire, and electrify it, 
it becomes red hot in a single second, and you can make 
amethyst sparks fly out of it. This proves the Conserva- 
tion of Forces, and it only shows what idiots men are to 
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go on repeating gravitation, gravitation, like cuckoos, 
just because Str IsAAc NEWTON saw an apple fall out of 
a tree (and I dare say he eat it, like a pig, as all men are) 
and now comes a really clever philosopher, and explains 
it all away. I could not tell you of half the experiments 
dear Dr. FARADAY did, but there was one, when he 
rubbed a bit of sealing-wax in some flannel, and made 
some gold leaves dance in a jar, which proved quite 
clearly to me that there must be some force to do it, 
somewhere, because they never danced of themselves. 
It was a most beautiful lecture, and if anything could 
excel it, it was the kindness of Dr. FARADAY afterwards, 
when ladies came and asked him questions, and he did 
not look supercilious, or what is worse, look condescend- 
ing, but he entered with evident pleasure into explana- 
tions, and did several little experiments for us, electri- 
fying some things like large metal buttons, and turning 
wet paper brown with them; and if we did not under- 
stand it, it was our own faults, not his, or rather it was 
the fault of the system of education you men give us, 
which makes us either quote like parrots, or stare like 
owls, when philosophy comes up. 

Another thing struck me, and I must say it. Here was 
Dr. FARADAY, a really great man, diving into the wonder- 
ful secrets of nature, and explaning them in the ablest 
manner. Where were all the great men and the states- 
men, and the M.P.’s, and all those who pretend to lead 


PLATE 2. FARADAY LECTURING AT THE ROYAL INSTITUTION 


(From the painting by Alexander Blaikley which hangs in the rooms of the Royal Institution. 
By permission of the Managers.) 
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the world? Listening to him, as he unfolded these mighty 
things? Not they. That very night it seems, there was a 
fierce squabble going on in Parliament, nominally 
about the savages in China, but really to settle whether 
one set of H.’s (you know) or the other should have situa- 
tions of Government, and take our money. And such is 
the nature of men that for one person in London who was 
thinking that night about Dr. FArADay and his splendid 
discoveries, a hundred were arguing and betting whether 
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Ministers would be beaten or not. As CHARLEY HAMER- 
TON (he told me this) said, very wittily, ‘I wonder 
whether Lorp PALMERSTON will be as successful in his 
Conservation of his Forces.’? Dear Lorp PALMERSTON, | 
consider the way he is persecuted as perfectly WICKED, 
and you may print that I say so. 

“Yours, affectionately,” 


““Mary ANN” 
“* Monday”’ 


The Teaching of Physics in the Schools of England 


A BrIEF SuRVEY OF ITs DEVELOPMENT AND ITs PRESENT POSITION 


ALBERT G. BEVERSTOCK 
King Edward VIth School, Southampton, England 


Brief history 


RIOR to the middle of the nineteenth century 
very little science was taught in the English 
schools—the subject being regarded as ‘‘foreign”’ 
to the superbly strong classical bias of the then 
existing curriculum. There is record, however, of 
some physics being taught in the larger public 
schools. For instance at University College 


School, London, about 1832, there was instituted 
a course that included some elementary experi- 
mental work in physics, although no definite 
laboratory seems to have been provided for it. 
About 1850 a room was set aside as a laboratory 
at the City of London School, and elementary 
physics was also being taught at King’s Somborne 
School by Dean Dawes. In 1856, however, the 
Bristol Trade School was opened with a definite 
laboratory and workshop in which the boys made 
most of their own apparatus. About this time 
too, other schools began to realize that science 
was becoming important; and although they 
would not include it in their curriculum, they 
arranged for popular lectures on the subject by 
visiting lecturers. 

Rugby was one of the first large public schools 
to build a special department of physics with 
adequate laboratories. This was in 1860. Prior 
to this, Canon Wilson—who later became Head 
of Clifton College, and who was in charge at 
Rugby—taught “‘in the cloak room on the ground 
floor of the Town Hall, which was furnished with 
tables and chairs and a cupboard containing 
apparatus for illustrating elementary objects, 


hydrostatics, mechanics and heat, and some good 
electrical apparatus.’’ But in most schools the 
state of affairs was worse than this, as was dis- 
covered by the Public School Commissioners, 
set up in 1862 to investigate the position of 
science in this type of school. F. W. Westaway,' 
for instance, when he began teaching found that 
in his school there was ‘‘no laboratory and no 
fitted demonstration table. The only balance 
available was a homemade one costing about 3/6 
with scraps of metal for the smaller weights. It 
weighed fairly accurately to one decimal place. 
The apparatus in stock was worth about two 
pounds.” 

But very gradually, almost imperceptibly, 
physics was beginning to push its way into the 
school curriculum. In 1868 the Taunton Com- 
mission, in its report, stated that, though there 
was great lack of laboratory accommodation in 
the endowed schools, a great deal of progress had 
been made by the public schools and the follow- 
ing schools were about to erect new laboratories: 
Harrow, Eton, Charterhouse, Christ’s Hospital, 
Rossall, Wellington, Cheltenham, Taunton and 
Dulwich. At the same time there were several 
teachers who were doing real pioneer work. At 
Clifton College, A. M. Worthington arranged a 
definite school course in physics which catered 
mainly to the specialist going on to university 
work. But he did provide, also, for a large amount 
of laboratory work, even in the lower school. 
Though most of the apparatus was crude and 


1F. W. Westaway, Science teaching (Blackie, 1929). 
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PHYSICS TEACHING IN 
very simple, a high degree of accuracy was ob- 
tained and the course was formal and logical. 
Doctor Pears was working on similar lines at 
Repton School. 

Physics at Harrow was in a very unhappy 
state until it was taken over by Sir Cyril Ashford. 
He relates that when he took over charge of the 
subject: 


. there was remarkably little Physics to take 
charge of. My predecessor told me that he had dis- 
couraged the teaching of science in the Upper School; 
although there was quite a good laboratory as well as 
a lecture room. Almost the whole of my work, which 
amounted to eleven periods a week, consisted in lectur- 
ing to a few divisions of the lower school. . . . My 
predecessor had been in the habit of giving courses 
of experimental lectures, on the lines of the Royal 
Institution Lectures. He had been probably infiuenced 
by the fact that Tyndall had been the Royal Society’s 
representative on the Governing body, and had taken 
a keen interest in what little science teaching had been 
done at the school. 


Tyndall, however, was not the only great 
scientist who took an interest in school science 
at that time. H. E. Armstrong, Professor of 
Chemistry, City and Guild’s Institute, was 
having a very strong influence at Christ’s 
Hospital School. He is well known as the origi- 
nator of the “heuristic’’? method in science 
teaching, believing, as W. H. Fyfe? tells us, 
that “‘Natural Science should be taught without 
books. The basic facts of chemistry, physics 
and biology should be discovered by the pupils’ 
own experiment and observation, and they should 
learn to express the results of their investigation 
in lucid English.” 

Such men, by their writings, fostered a great 
deal of interest in school science and provided a 
fillip to its development. However, headmasters 

except such great men as Sanderson of Oundle 

still looked upon physics with disfavor. For 
instance, a circular sent out to the Headmasters’ 
Conference in 1877 asking how many of them 
were in favor of practical physics, produced only 
two answers in the affirmative out of eighteen 
who bothered to reply! 

No great advance was made in the teaching of 
the subject until the year 1902. That year saw 
the introduction of the Education Act setting up 


? W. H. Fyfe, ‘‘Henry Armstrong and Christ’s Hospital,” 
Sch. Sci. Rev. 19, 1 (1937). 
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new grammar and secondary schools, having as 
part of their curriculums the teaching of physics. 
The situation gradually improved; more and 
more teachers took up the subject and the uni- 
versity courses became filled to capacity. It was 
not until the year 1916, however, that the interest 
of the average man and woman was aroused in 
the position of science in the schools. The war 
had been on a year and its grim realities brought 
home to the citizens of the country the impor- 
tance of science in their everyday lives. They 
began to realize that the subject had been 
neglected, and this theme was quickly taken up 
by the press. As a result, the position came 
before the eyes of Parliament; toward the end 
of 1916 the Prime Minister formed a committee 
under the chairmanship of Sir J. J. Thomson to 
investigate the matter, and its report was 
published in 1918. About this time the Board 
of Education became interested in higher courses, 
that is, courses after School Certificate stage, 
and offered grants for those students taking 
specialist courses in the Sixth Forms. This 
enabled more schools to arrange a higher course 
in science and also helped them to equip their 
laboratories with the expensive apparatus neces- 
sary for this type of work. 

Mainly because of such steps as those taken 
in 1916, science, during the following years, 
enhanced its position considerably and, perhaps 
for the first time, became a vital, integral part 
of the intellectual activity of the nation.* The 
extent to which the subject had grown may be 
judged from the remarks of General Smuts in 
the Sidgwick Memorial Lecture of 1930: 


The rise of science is the most outstanding fact of 
the modern world, and has led to the most far reaching 
changes in human viewpoints, in human betterment, 
in individual and national power. Eventually it will 
lead to the greatest changes in human government. 


The present position 


The physics courses in the schools tended, 
however, to be on much too narrow a basis, 
favoring the boy who was going on to be a 
‘specialist rather than the boy who would become 
a normal citizen with an intelligent and critical 
interest in the subject. The courses tended to be 

’The British Association’s Report on school certificate 


science (Cambridge Univ. Press, 1928) might be of interest 
here. 
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too technical, and the correct balance between 
technic and information was not attained. Con- 
sequently, science masters became duly con- 
cerned and Professor Philip, in his address‘ to 
their association in 1930, pleaded for a ‘‘broad 
purpose” in the syllabus. The result was that a 
special committee was set up to prepare a 
General Science Course. Three members of this 
committee made a list of common things a boy 
should know; three others compiled a list of very 
important fundamental ideas and the subject 
matter involved in them. The two lists were 
compared and much was found common to both. 
These common data formed a basis for the new 
syllabus, issued in 1936. This report fostered 
much interest and criticism among science 
masters, and the general opinion was that it was 
unsatisfactory. Bernal> summed up the position 
by saying that the report ‘‘lacks comprehensive- 
ness and modernity. There is a good biological 
section but no astronomy or geology. In the first 
two years of the Physics Course there is only one 
fact and in the third year only two facts that 
were discovered in the nineteenth century. In the 
last year there is nothing later than 1890. 
X-rays, wireless and electrons are not even 
mentioned.” 

In consequence of such criticism, a second 
report was issued containing an extended syl- 
labus which included astronomy and geology 
sections. Many schools are now working along 
the main lines of this syllabus. In the writer’s 
present school, for instance, one stream of pupils 
takes this type of course while another stream 
takes the more formal and specialist course con- 
centrating mainly on physics and chemistry. 
Each boy, whether he is on the modern or lan- 
guage side, has thus done some general science 
when he leaves school. 

It is outside the scope of this article to give 
the physics section of the new syllabus in detail, 
but a broad outline is as follows. In the first year 
some introductory work on light is done, together 
with some heat, sound, pulleys, levers, the idea 
of work and the efficiency of machines. This 
covers, approximately, 53 periods. Astronomy 

4J. C. Philip, ‘School science—its purpose and scope,”’ 
Sch. Sci. Rev. 11, 169 (1930). 


5 J. D. Bernal, The social function of science (Routledge, 
1939). 
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(motion of sun, moon and stars, phases of moon, 
observations of Venus and Mercury) is allotted 
10 periods. Thirteen periods are devoted to the 
light. In the second year, 29 periods are devoted 
to introductory magnetism and electricity, 32 
are taken up with additional properties of matter 
(friction, diffusion, surface tension, pumps) and 
8 periods are given to a further study of astron- 
omy. In the third year, the more mathematical 
parts of heat (specific, latent, mechanical equiva- 
lent) are done, and about 37 periods complete 
the light. The fourth year consists mainly of 
revision of the principles and the addition of 
electrical instruments, machines, motors, the 
telephone, etc. The report has had a good recep- 
tion and doubtless will form the basis of many 
general science courses in the schools. 

So far we have dealt mainly with the teaching 
in the higher grade schools. The elementary 
schools—those taking pupils up to the age of 14 
and maintained by local boroughs or county 
councils—also offer the subject as part of a 
general science course. Several of these schools 
now possess excellent laboratories and workshops 
with a fully qualified staff. The equipment and 
design of these laboratories in the newer schools 
are often much better than in the older type of 
grammar school. In some of the public schools 
(mainly independent boarding schools), a good 
deal of improvement is still necessary. It is, for 
instance, quite possible for a boy to pursue a 
classics course without doing any science at all. 
This type of boy, in modern times, can scarcely 
claim to have had a general education; he can 
hardly place the achievements of modern science 
in their true perspective and cannot have a full 
appreciation of their true value. Again, at some 
of these schools, the course in physics is far too 
short. This is due to the lamentable fact that 
very little science is taught in the preparatory 
schools which feed the public schools. Pupils 
often enter via the Common Entrance Examina- 
tion, which, at present, does not include science 
as one of its subjects. The majority of science 
masters would like to see the subject made com- 
pulsory in the examination. Nevertheless, the 
position has improved considerably in the last 
few years, and science has gradually filtered 
through the almost immovable barrier of clas- 
sical tradition. Much is being done, also, to 
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PHYSICS TEACHING IN 
foster interest in the subject by work outside the 
classroom. Many schools have science societies 
and lectures on recent physical work. These 
societies are not confined to the upper school. 
The author has found that beginners can run 
their own society very efficiently—most of the 
lectures being given by the senior boys. In addi- 
(ion, many schools now run exhibitions, such as 
on Speech Days, at which experiments of a 
popular nature are performed. The writer has 
organized several of these exhibitions and has 
found that they are of immense value, since the 
pupils meet many practical difficulties which 
they would not normally have to face and must 
show a good deal of initiative in fitting up their 
exhibit and explaining it to an interested visitor. 
In this way they see that the subject has a real 
value in everyday life and do not treat it as just 
another examination trial! The writer believes 
that these exhibitions have a definite place and 
purpose in the life of the school. 


The future 


At the moment of writing the country is once 
again involved in war. What effect this will have 
upon the teaching of physics it is difficult to fore- 
see, but already there has been much discussion 
about it. The two main points of current interest 
are (1) the effect of evacuation, and (2) the modi- 
fication of the syllabus to include the applications 
of physics in warfare. 

Physics has been one of the first subjects to 
suffer, owing to the removal of schools from their 
home towns. Most of these schools have been 
evacuated to the country, where the laboratory 
accommodation and equipment have been insuf- 
ficient for the large number of pupils sent. Some 
schools, unavoidably, had to go to places where 
there was no laboratory accommodation at all, 
and had to remove their own apparatus to 
hastily improvised laboratories and workrooms. 
Curtailed time has forced masters to concentrate 
upon the essential principles, and the fitting up 
of the more elaborate standard experiments has 
had to be abandoned. In addition, a large number 
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of evacuated schools found it necessary to dis- 
pense with the services of their laboratory 
assistants—a serious drawback to the teaching 
of the subject. Some schools, such as the writer’s 
own, have been able to make arrangements for 
extra practical lessons when the laboratories are 
free during the session of the reception school. 
This has proved to be a great help. 

Against all these difficulties, however, must 
be set some of the advantages of evacuation. 
Masters and boys have been able to observe how 
the subject is tackled in another school, have had 
to accommodate themselves to different types of 
apparatus, and have had to work in close liaison 
with pupils taking different examinations. More- 
over, combined societies and groups can meet to 
discuss physical problems, and this should foster 
a broader interest in the subject. 

A difficult problem is the question of syllabus. 
The examination requirements will scarcely 
allow much time for the inclusion of items of 
topical interest;® and yet these should be in- 
cluded, for the country is at war and the pupil 
should know the application of the subject. The 
general feeling seems to be that these should be 
discussed wherever possible, but the great danger 
of sacrificing the principles for general examples 
of wartime application must be carefully avoided. 
Doubtless, one of the effects of the war will be 
to make the subject more technical, and if this 
is SO, Our examination syllabuses will have to be 
made wider in order to make the teaching more 
elastic. At the moment there is, perhaps, a great 
danger of our physics teaching becoming too 
stereotyped. American physics teachers can, 
however, rest assured that the subject commands 
a sure place in the curriculum of the majority of 
our schools, and with the strong liaison’ which 
exists between the teachers and such eminent 
bodies as the Physical Society, the advancement 
of the subject should be guaranteed and its place 
as a vital member of our educational forces 
assured. 


6 See C. L. Bryant, ‘“‘Applications of science in warfare,”’ 
‘Sch. Sci. Rev. 21, 909 (1940). 


AN holds within his hands the power to make the world virtually what he 
will—G. R. HARRISON, Atoms in Action. 





Mechanical Oscillator for Determining Moments of Inertia 


W. C. ELMorRE 
Swarthmore College, Swarthmore, Pennsylvania 


ECENTLY the writer has had occasion to 

add a number of laboratory experiments to 
a second course in physics devoted to mechanics, 
heat and sound. An ellipsoid of inertia experiment 
described by M. H. Trytten' seemed to deserve 
a place among the new experiments. The moment 
of inertia apparatus described by Trytten con- 
sists essentially of a heavy spiral spring with the 
outside end held rigid, and the inside end at- 
tached to a vertical axle having an aluminum 
disk mounted on its upper end. The moments of 
inertia of various bodies are compared by clamp- 
ing each body in turn to the disk and observing 
the period of oscillation. During the construction 
of a similar device an alternative scheme was 
tried for obtaining the elastic restoring torque. 
A rigid arm was attached radially to the axle 
and two small helical springs were run from the 
end of the arm to each side of the wood frame 
supporting the bearings for the axle. It was found 
that, because of excessive damping, coupled with 
the necessarily small amplitudes of oscillation, 
accurate measurements of the period could not 
be made. It then occurred to the writer to run 
the apparatus as a self-excited oscillator by means 
of a powerful electric bell mechanism. Unfortu- 
nately, the period was found to be very sensitive 
to changes in amplitude. A realization of the 
electric bell paradox? made it evident that the 
driving torque should be more nearly sinusoidal. 
This led to a design that has proved to be very 
satisfactory. 

Two small iron armatures were attached to the 
underside of the disk and arranged to move in 
and out of two U-shaped electromagnets excited 
“push-pull” by a polarized relay.* Figure 1 indi- 
cates the essential parts of the oscillator and the 
accompanying circuit. In operation, when the 
soft spring contactor C attached to the oscillating 
system touches contact A, the voltage across R, 
is applied to the polarized relay. The relay is 
thrown to side A where it remains. Magnet A is 

1 Am. J. Phys. (Am. Phys. T.) 1, 115 (1933). 

2 Little, Am. J. Phys. (Am. Phys. T.) 4, 139 (1936). 


3 Gift of Western Electric Co.: Relay 215FB; message 
register 5H. 


thus excited, pulling the armature A toward it. 
The pull passes through a maximum as the arma- 
ture moves from a distant position into the gap 
of the magnet, becoming zero just as the con- 
tactor C touches contact B. This excites magnet 
B, which attracts armature B, etc. The driving 
torque is approximately sinusoidal and 180° out 
of phase with that caused by friction. The period 
of oscillation is determined by throwing the 
toggle switch S which essentially introduces the 
low resistance (0.27-ohm) impulse counter*® M in 
series with magnet A and starts the electric stop- 
clock 7. If 1000 oscillations are timed to deter- 
mine the period, it is found that successive runs 
will agree to within 1 or 2 parts in 1000. With the 
present springs, the period of oscillation for no 
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Fic. 1. Mechanical oscillator and accompanying circuit. 
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added mass on the disk is about 0.2 sec. The 
amplitude of the motion, which is controlled by 
the variable resistance R, is 10° or less, so that 
the restoring torque produced by the spring-and- 
arm arrangement does not appreciably depart 
from linearity. A 2-uf condenser in series with a 
10-ohm resistor (not shown in the diagram) is 
placed across each pair of relay contacts to pre- 
vent sparking. The apparatus has been built as 
a self-contained unit except for the stopclock. 
For operation it requires from 1 to 1.5 amp at 8 v, 
depending on the load which the disk carries. 
Students using the apparatus first determine a 
calibration curve by plotting for a range of values 
the square of the observed period against the 
moment of inertia of two cylindrical masses which 
can be screwed to the disk at known distances 
from the axis. The experimental points fall on a 
straight line with practically no scattering. Next, 
the test body is fastened to the disk between 
upright supports. If the latter are present during 
calibration, then one measurement of the period 
will determine the moment of inertia of the body 
about an axis coincident with the axis of the 
oscillator. Figure 2 illustrates a section through 
an ellipsoid of inertia as obtained by one group 
of students for an unsymmetrical test body. The 
ellipse was drawn through the experimental points 
by the familiar pin-and-string method. As part of 
the experiment, a similar run is made on a right 
cylinder for which a computed ellipse is plotted 
before the experimental points are determined. 


EPRESENTATIVES of departments or of institutions 
having vacancies are urged to write to the Editor, 
Columbia University, for additional information concern- 
ing the physicists whose announcements appear here or in 
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in radio, acoustics and methods of teaching physics. 


33. M.S., experimental physics, coupled with thorough background 


of courses in professional education. Has taught physics and mathe- 
matics for 3 yrs in large high school. Desires position as instructor in 
= school physics in a university or college experimental or training 
school. 
34. Ph.D., M.S., Penn State. Age 40, married. 15 yrs teaching ex- 
perience in colleges and universities; 5 yrs head of department in small 
college; industrial research experience. Interested in teaching, research 
and administrative work in a small college. 

35. Ph.D., Purdue; M.A., British Columbia. Age 27, married. Ex- 
perience: 5 yrs university teaching; 2 yrs secondary school teaching; 
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Fic. 2. Experimentally determined section through an 
ellipsoid of inertia; R= J~!X 108 gm7 cm™. 


It is believed that the added complexity of the 
present device as compared with the beautiful 
simplicity of the one described by Trytten is not 
without its recompense. The gadget runs by 
itself, thereby arousing curiosity in the mind of 
the student and challenging him to explain its 
operation. Inevitably, certain fundamental fea- 
tures of an oscillating system will be brought out 
in a direct way which can be readily visualized 
and later carried over to the corresponding elec- 
tric case. This, of course, is in addition to the 
fact that the device does an‘ excellent job of 
comparing moments of inertia. It is efficient with 
regard to laboratory time, for calculations can be 
made while additional data are being secured. 
Either the present apparatus or the one described 
by Trytten can be used for moment of inertia 
experiments of the more conventional sort 
usually performed with a torsion pendulum. 


5 yrs research in analysis of liquids by x-rays. Interested in teaching 
and research. y 

37. Ph.D., engineering physics, mathematics and physidal chemistry, 
Illinois; A.B., education. Age 37, married. University, teachers college, 
junior college and high school experience; 1 yr editorial work. Especially 
qualified for survey courses. 

38. M.S., physics, Lehigh. Age 35, married. 10 yrs teaching college 
and university, particularly laboratory instruction. Interested in college 
teaching, or in industrial production and developmental work in preci- 
sion instruments. 

39. Ph.D., physics, large Eastern university. Age 45, married. 16 yrs 
university and college teaching experience, including 9 yrs head of 
physics department of a small liberal arts college. Research in optics 


and spectroscopy. Desires opportunity for research in teaching or in- 
dustrial fields. 


VACANCIES 


1. Experimental physicist for industrial research foundation, Ph.D. 
preferred. Must be capable of designing and constructing apparatus and 
able to cooperate with other research workers. Knowledge of x-ray 
diffraction and high vacuum technics essential. 

2. Experimental physicist with experience in using spectrographic 
and general optical equipment for research. 

3. An Eastern college needs 2 instructors for second semester only. 
Probable salary, $1100 for semester. One appointment may become 
permanent at salary to be determined by qualifications of individual. 
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An Improved Young’s Modulus Apparatus 


N a complete study of the factors involved in Young’s 
modulus, it is necessary to obtain readings on at least 
three wires. Ordinarily the student, or his instructor, must 
change wires on the apparatus during the course of the 
experiment. Since this is an unnecessary, time-consuming 
process, the three selected wires were permanently attached 
to the Young’s Modulus apparatus built for this laboratory. 
Figure 1 illustrates the essential features of the design. 
The three wires, spaced 3 in. apart, are securely fastened in 
place by means of a loop around a hardened screw and then 
clamped between the hardened steel back plate and heel to 
prevent creepage. The accuracy of wire-length measurement 
is improved by clamping the wires at the bottom of the plate. 


CAST IRON 


WEIGHT HANGER 


3 WIRE YOUNG'S MODULUS APPARATUS 


Fic. 1. Three-wire Young's modulus apparatus. 
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The lower end of each wire is securely held in a brass 
plug by a small screw. Each plug has a groove cut half its 
length so that a pin set into the block through which the 
plug slides limits the upward motion of the plug and 
prevents twisting of the wire. This holds the index line in 
correct position for measurement of change of length by 
any of the usual methods. 

To avoid the annoyance of falling weights, the weight 
hanger and weights are built as shown in the diagram. The 
weights cannot fall from the hanger, but may be removed 
easily by. turning the plane of the weights through an angle 
of about 30°. 

The author wishes to express his appreciation to Pro- 
fessor C. J. Overbeck and Mr. C. H. Miller of this 
laboratory. 


GrorGE H. OLEWIN 
Northwestern University, 
Evanston, Illinois. 


A Thermodynamic Paradox 


CCASIONALLY a question is sent to a_ physics 

department that raises interesting points of theory. 
The following paradox was recently sent in by the captain 
of a Pacific freighter who was puzzled by the apparent 
contradiction to the second law of thermodynamics 
mentioned below. While it is probably not new, it has 
several points of interest to teachers of physics. Imagine 
two long vertical tubes 4 and B (Fig. 1) connected at D 
and filled with liquid of density p. If by means of two heat 
reservoirs one is maintained at a temperature T’=7++4, 
while the other, of height h, is kept at 7, the liquid in one 
will stand at a higher level than in the other. If the ex 
pansion coefficient (1/v)dv/dT is a, where p=1/v, the 
difference in level will be aht. If we allow the liquid to flow 
over the top of A and do work, we would obtain gath ergs 
for every gram that passes from A to B. To maintain the 
temperatures constant, the reservoir at T must absorb the 
heat Ct, where C is the specific heat, and as a gram of 
water flows back from B to A through D an amount of 
heat must be taken from the second reservoir also equal to 
Ct. We thus have an apparent contradiction to the first law 
of thermodynamics. Students may at first try to avoid the 
difficulty by bringing in the dependence of the specific 
heat on the pressure. The specific heat C’ at D must be 
larger so that C’— C=agh in order to agree with the first 
law. There are two objections to this. First, the efficiency of 
the heat engine, W/Q, would be agh/(C+agh), and, by tak- 
ing long tubes (and for ordinary substances they would have 
to be excessively long), this ratio may be made to approach 
unity as closely as we wish, in contradiction to the second 
law of thermodynamics. A second objection to this ex- 
planation is that while the specific heat.may increase with 
pressure, the proportionality factor is not a or (1/v)dv/dt, but 
the second derivative. The change with pressure is given 
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Fic. 1. Work is obtained by liquid falling from the top of tube A 
through the difference in height ath into tube B. The difference in height 
is maintained by two reservoirs that keep tube B at temperature T, and 

1 at a higher temperature 7’ =T +4. 


by the formula (8C/dp)7 = — T(d*%/dT*),, and a substitu- 
tion of the values for mercury, for example, shows that the 
actual change in C, in place of being agh, is a hundred times 
too small. 

We may avoid these difficulties if we take account of the 
fact that the heats, Q; put in from the reservoir at T’ = T+4, 
and Q: given up to the reservoir at T, include also the 
heats due to change of pressure on the gram of liquid that 
moves in the circuit. As the heat of compression is given by 
(0Q/dp)r = —T(dv/AT),, and the total pressure difference 
is phg, the heat that must be taken out by the reservoir at T 
to keep the temperature constant is 7(dv/0T),phg. Thus 


Qi=C't+T’(dv/dT)'phg, 
Q2= Ct+T(dv/dT)phg. 
Since 
C’ = C—T(0d*%/dT*)phg 
and 


i dv \’ _{ ov 0 ov 
(2) -r( 8) <r-nd(r2) 
o7 a7 o7 oT 


Ov 
= (IT) + (1-1) T(@2/aT”), 


the difference Q;—Q2 from the foregoing equations reduces. 


to (dv/dT)hgp(T’—T), and this is equal to aght, the work 
gained, as required by the first law. The efficiency of the 
process W/Q: is agh(T’—T)/(Ct+aghT’), and this is 
always less than (T’— T)/T’, as required by the second law. 
A. J. DEMPSTER 


University of Chicago, 
Chicago, Ilinois. 


The Significance of Curl 


When a student first meets the concept of “‘curl’’ he 
sometimes finds that the ideas back of the equations re- 
main for a time rather hazy. The following treatment is 
probably not new, but I think is certainly not well known. 
I present it in the hope that it may prove helpful.! 

In Cartesian Coordinates.—The customary expression for 
the z component of the curl of a vector field is 


aY ax 


——, 1) 
ox dy “) 


where X and Y stand for the x and y components of the 
field at the point in question. If the Z axis is also the axis 
of curl this expression represents the entire curl. Let this 
be the case, and let us consider a small region in the 
neighborhood of the X axis. 

First let Y be independent of x, so that the curl reduces 
to the second term of (1). Then, if the curl is positive and 
X is small, (1) shows that, in the neighborhood of the XY 
axis, the lines of the field have somewhat the form sketched 
in Fig. 1(@)—with the field curving toward the left. 

Next let X be independent of y, so that the curl is given 
by the first term of (1). Then, if the curl is positive, and 
X is small, the lines of the field in the neighborhood of the 
X axis are somewhat as shown in Fig. 1(0). 

Both figures show effects that suggest a curling of the 
field in the positive sense around the z axis. 

In Cylindrical Coordinates.—As before let the Z axis lie 
along the axis of curl. The field at any point in the neighbor- 
hood in question may be resolved into a radial component 
R and a transverse component 7. Then either the use of 
Stokes’ theorem or a straightforward transformation from 
Cartesian to polar coordinates 7, @ puts the expression for 
the curl into the form 


Tar 


If the field is entirely radial and is symmetric about the 
axis, (2) shows that the curl vanishes. Thus the gravita- 
tional field of a single particle has no curl, and the same is 


Y (a) 


t 


0 x 


Fic. 1. Two contributions to curl. The axes are right-handed. 
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true of the field of an electrically charged conducting sphere 
at rest, the field of a small magnet pole at rest, and the 
velocity field in a body of fluid where the flow is radially 
inward or outward and is symmetrical about the center. 

If the field has no radial component the last term in (2) 
vanishes, and the field cannot be irrotational unless the 
sum of the first two terms vanishes. The second term 
contributes to the curl in a manner similar to that shown 
in Fig. 1(6). If this second term vanishes, and the field 
continues to be entirely transverse, the lines of the field 
must be similar to those in Fig. 1(a), so that the contribu- 
tion which 7/r makes to the curl arises from the curving 
of the field. 

If the sum of the first two terms vanishes, and the field 
is still entirely transverse, we can integrate the sum and 
find that T must be inversely proportional to r. If T de- 
creases with increasing 7, and does so more rapidly than 
the inverse first power, the second term in (2) is the more 
important and the curl has one sense. If T increases with r, 
or decreases less rapidly than the inverse first power, the 
curl has the opposite sense. 

A case in which T is inversely proportional to r is that of 
the magnetic field which accompanies a steady electric 
current in a long straight wire, and it is well known that 
this field is irrotational. 

As another example of (2) consider the case of a rigid 
disk that spins with angular velocity w about an axis 
perpendicular to the plane of the disk. The linear velocity 
of a particle at a distance 7 from the axis is wr, and the 
field of this linear velocity is entirely transverse. If we set 
T =r we see that the first term in (2) contributes w to the 
curl—corresponding to a curving of the path—and that 
the second term contributes another w—corresponding to 
the greater speed at greater distance from the axis. Thus 
the reason for the factor 2 in the well-known expression for 
the curl of the linear velocity becomes evident. 

ARTHUR TABER JONES 


Smith College, 
Northampton, Massachusetts. 


1See also V. Karapetoff, Phil. Mag. 31, 528 (1916); Am. Math. 
Monthly 35, 14 (1928). 


Mathematics and Interpretation 


N my few contacts with the new quantum and wave 

mechanics, one very striking phenomenon has made 
itself evident. Never has there failed to be reference to the 
bundle of energy, the quantum, and the particle of elec- 
tricity, the electron. Yet at the same time there is also 
mentioned the fact that both the light quantum and the 
electron have wave properties; the evidence being that 
both light and electron diffraction patterns have been 
obtained. 

Everyone is familiar with these concepts. However, one 
troublesome point appears. This is the attempt to visualize 
physically what one calls a light quantum or an electron in 
terms of what one observes in his ordinary everyday ex- 
perience. Frequently, physicists regard the electron as a 
negatively charged particle and teach this concept. In 
the same way, they regard a quantum of light energy as a 
little bundle, equivalent to a particle. On the other hand, 
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the diffraction experiments make it permissible for the 
quantum and electron to be considered as waves. 

Heretofore, the wave and particle properties of physical 
entities have been considered as mutually exclusive. Never 
in one’s previous experience has there been encountered a 
physical entity that demanded consideration as a wave as 
well as a particle. The question that naturally arises is: 
How can this be? This is a perfectly legitimate question 
that cannot be answered by any attempt to visualize the 
situation physically. 

One can say only this: In dealing with physical phe- 
nomena involving light or the electron beam, one obtains 
certain experimental results that cannot be explained by a 
pure wave theory or a pure corpuscular theory. This fact 
immediately eliminates the possible physical visualization 
of such phenomena, since assigning this dual property of 
wave-particle nature to a physical quantity is not con- 
tained within one’s physical experience. So what does one 
do? He postulates a mathematical theory which, when 
properly manipulated and interpreted, will predict the 
experimental results. And here lies the crux of the situation. 
Since it is more comforting to use some word or words to 
express the physical significance of the equations, the 
words electron and quantum have been chosen. An attempt 
to interpret these words on the basis of the apparent dis- 
continuous emission of what we call a quantum or an 
electron seems to be a reasonable excuse for immediately 
regarding them as particles. But with what justification? 
None whatsoever, except to invent a physical picture. But 
must a mathematical symbol have a physical meaning? 
I think not. It can be interpreted in many lights, but a 
physical picture cannot necessarily be extracted from it. 
One can use only those definite properties he has found 
to construct an equation corresponding to them and then he 
can substitute the physical measurements that he has 
made into this equation. In this case there is no question at 
all about a physical interpretation since the original 
equation is constructed on that basis. 

However, equations in general and quantum- and wave- 
mechanical equations in particular are not so fortunate. 
Generally, equations admit one of two alternatives: Either 
these physical phenomena can be pictured, or the symbol- 
isms in the equations, at least for the present, are not 
adapted to physical interpretation in terms of what one 
can conceive from past experience. The latter is true about 
the wave- and quantum-mechanical equations. 

Mathematical symbols have been innocent victims of 
misrepresentation, and the agents who misrepresented 
them have, for the most part, been teachers. In the attempt 
to obtain a plausible concept, the symbols have been given 
properties which they never claimed to possess, because of 
the mistaken notion that the prerequisite for the existence 
of mathematical symbols is their interpretation in terms 
of physical entities. Mathematical symbols are only con- 
veniences which the human mind can manipulate in order 
to come to conclusions coinciding with experimental 
evidence. 


Louis FEIN 
University of Colorado, 
Boulder, Colorado. 
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NOTES AND DISCUSSION 


Report of the Committee Representing the Association 
Before the American Council on Education 


HE committee of the American Association of Physics 
Teachers attending the meeting of the American 
Council on Education, May 2-4, 1940, consisted of C. J. 
Lapp, H. B. Lemon and R. M. Sutton. The reflections of 
the committee on the sessions and conferences attended are 
expressed in the following notes prepared: by its members. 
Many of the problems which the Council faces are 
enormous and fundamental to the educational program of 
the country as a whole and involve in many cases the basic 
philosophy of education, on which there is by no means 
unanimity. Physics must see itself in correct perspective in 
relation to the problems of general education, and it is 
doubtful whether most teachers of college physics have 
any such perspective. 

There is a great need for cooperation and understanding 
between educational groups, and more recognition of the 
honesty and ability of those who are working in other 
fields. ‘‘We are victims of lack of confidence in one another.” 

The problems of the Council seem to center chiefly about 
general education at the elementary and secondary school 
level, where, it is obvious, the bulk of all educational funds 
is being spent and where the results are most important to 
the largest number of people. There is so little emphasis 
upon the problems of college education and so little concern 
over the status of specific subject-matter fields in secondary 
education that no immediate niche is evident for a society 
such as the American Association of Physics Teachers. If 
we are to be effective, along with other groups interested 
primarily in the problems of a single field, we must carve 
our own niche. This will mean a willingness to cooperate 
with others and to subordinate the grinding of our own 
axes in the interest of the success of large-scale programs 
such as, for instance, the improvement of the position 
which the sciences in general may rightfully be expected 
to hold in the whole picture of secondary school education. 
It appears that we may progress faster at first with our 
own committees on cooperation with the other sciences, 
but that as their findings become fuller and the problems 
become more sharply delineated, we may then reasonably 
expect to push them ahead with the Council. There are 
great possibilities in the joint action of our committees and 
our American Council representatives. The former may 
well supply the latter with effective ammunition at first, 
and may assist in formulating a program which we, and 
others, may lay before the Council with some expectation 
of further progress. 

The Association may well bewail the deplorable condi- 
tion of physics and other sciences in secondary education, 
but to do anything effective about the problem, we must 
be willing: (1) to see the problem in correct perspective; 

2) to cooperate with whatever secondary school groups we 


can. This means that we must forsake some of the Brahmin - 


attitudes which we have developed in the past. We must 
realize that few secondary schools can support a full-time 
person in physics alone, and that our problem is in large 
measure one of finding better means of helping those 
teachers now on the job who must teach physics along with 
other subjects. These teachers are not specialists in physics 
and we cannot make them specialists, but we should be 
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able to do something that will help them where they are. 

One of the major problems, from the standpoint of 
physicists, seems to be to stem the tide toward social 
sciences and stimulate more attention upon the physical 
sciences in the schools. This probably means that we must 
seek new lines of approach ‘in presenting physics to the 
public so that it will recognize the desirability of the subject. 

Judging from the discussion of the work of the Com- 
mission on Teacher Education, the emphasis is upon broad 
general culture and there seems to be little interest in the 
training of specialists as teachers. One speaker said in so 
many words that the time has gone when the schools can 
use specialists in a field. We must either challenge this 
attitude or learn how to cooperate with it effectively. Most 
college teachers are specialists and many are primarily 
interested in the training of new specialists. Physicists have 
been loath to pay sufficient attention to the scientific needs 
of the nonspecialist and have already alienated many who 
should know more about physics than they do. Because of 
our intense interest in our own field, we have been slowly 
cutting our own throats. We may still need an ‘“‘aristocracy 
of brains,”” but we must not overlook our responsibilities 
and our opportunities in training nonspecialists. 

The committee had an extended conference with the 
Director of the Commission on Teacher Training with the 
following results: 

1. He agreed to call a conference of men in all the college 
subject-matter science fields to meet with administrators 
and subject-matter people from the secondary schools to 
talk over the common problems of teacher training and 
curriculum building in order that the whole complex problem 
may be more intelligently comprehended and attacked. 

2. He recognized that it is important that the numerous 
committees representing various organizations have their 
work coordinated and expressed willingness to have his 
department act as such a coordinating agency. 

Because of the character of the Council and its broad 
base of operation, there naturally was considerable talk 
about democracy and the social order, and a concern over 
the ills of the social order. Any physicist must realize that 
his science has far-reaching effects upon society, but few 
ever do anything effective about it. We are perhaps much 
too subject-centered and we may have to learn how to 
cooperate better before we can do much for ourselves or for 
education generally. 

For the most part, it seemed clear that the ntembers of 
the Council who spoke at the various sessions were honestly 
trying to get somewhere with enormous problems of general 
education, problems to which we as an organization have 
given practically no attention. It is still a question as to 
how much we can do by pitching in on some of the broader 
problems, but we may well work out a plan of action that 
should have some promise of success within a limited area. 
Although the power to vote in the Council may some day 
be more important than it appears to be at present, it will 
mean little until we have a program of action which we 
wish to push. More can be expected if we succeed in arous- 
ing the cooperation of our sister sciences. 

We probably have in the past looked too much upon 
secondary school physics primarily from the standpoint of 
preparation for college physics. We should lend every 
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effort to make certain that school physics meets the 
needs of the bulk of students who will probably never see 
college. There are enormous difficulties in the way of doing 
that when one considers that 5 X 10° out of 7X 10® students 
are still in secondary schools with enrolment less than 200. 
The Council is a working body struggling valiantly with 
the tremendously complex problems facing education in 
America today. The men in charge of the individual pro- 
grams being sponsored by the Council are extraordinarily 
able men working vigorously and intelligently at their jobs. 
It has been clear to some of us for many years that Ameri- 
can education cannot fulfill its destiny unless some way is 
found to educate for character as well as to impart facts 
and statistics. Evidently the best leadership in the country 
at present also recognizes this important fact and is 
endeavoring to find ways and means of injecting character 
education into the program of general education. 


Shall the Association Establish the Grades of Fellow 
and of Member Emeritus? 


A COMMITTEE of the American Association of 
Physics Teachers consisting of A. G. Worthing, 
Chairman, Louise S. McDowell, Duane Roller and L. W. 
Taylor has been appointed to consider the matter of 
establishing membership grades of fellow and of member 
emeritus. The committee members have rather definite 
personal views, but believe that, on questions so important 
as these, a much wider expression of opinion should be 
available before definite proposals are offered to the Asso- 
ciation at the annual meeting in Philadelphia. Interested 
members of the Association are therefore urged to com- 
municate their views on these questions to the chairman, 
Professor Worthing, University of Pittsburgh, not later than 
December 15. 


THE GRADE OF FELLOW 


The proposal that the Association establish a member- 
ship grade of fellow was made by Professor G. W. Stewart 
in a statement which read, in part, as follows: 

Since the Association recognizes the great need for 
appropriate emphasis upon the teaching of physics, it 
should honor the members who carry on creative work 
in this field, especially work of permanent value. The 
standards of selection should be at least as high as 
those set up for the grade of fellow by the American 
Physical Society. The award should be based upon 
continued creativeness in, for example, the develop- 
ment of new experiments, apparatus and materials for 
instruction, such new methods of instruction as win 
favor, and researches into the effectiveness of different 
types of instruction. The Association should not be 
afraid of getting into a desert of educational quibbling. 
It should rather expect to be its own best physician. 
The reason is simple. Different subjects and aspects 
of physics require different methods of approach that 
are inherent in the peculiar abstractness of the subject 
or aspect concerned. A physicist can appreciate and 
get into this kind of detail. 


Among the arguments that may be offered in favor of 
establishing the grade of fellow are: 
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(1) Distinguished teaching and outstanding contribu- 
tions to teaching deserve recognition to a much broader 
extent than is possible through the medium of the Oersted 
Medal awards. 

(2) When a teaching position is to be filled, able, creative 
teachers who have faithfully devoted their energy and 
time to instruction and the improvement of instruction, 
but who lack public recognition either for research or for 
teaching, are often at a disadvantage in comparison with 
those who merely have research recognition as shown by 
the grade of fellow in another society. 

Arguments offered in opposition to the grade of fellow 
include: 

(1) Class distinctions are undesirable in a democratic 
organization. 

(2) Recognition often would be given where not de- 
served and not given where deserved, because the real 
evidences of good teaching and contributions to teaching 
are often highly localized. Since, for example, ingenuity 
in devising new experiments does not necessarily imply 
good or distinguished teaching, and published papers 
cannot justly serve as a sufficient criterion, the difficulties 
of selection would seem to be unduly great. 

An alternative proposal.—Instead of having the grade of 
fellow, citations for distinguished teaching or significant 
contributions to instruction should be awarded annually 
to a relatively small number of teachers, say, 5 to 10. 
These citations should be published in the American Jour- 
nal of Physics, with detailed accounts of the basis for the 
awards. This proposal seems to be subject generally to the 
same favorable and unfavorable arguments as_ those 
advanced for the establishment of the grade of fellow. 


THE GRADE OF MEMBE* EMERITUS 


Arguments in favor of the establisament of the grade of 
member emeritus include: 

(1) Retention of identity with a society and its members 
after retirement from active professional duty is a privilege 
that would be highly prized by retiring members. 

(2) Because of their experience in teaching and the fact 
that after retirement there is usually more time available 
for such activities, members emeritus can make many 
contributions to the cause of teaching through the publica- 
tion of articles and participation in Association activities. 

Arguments advanced against the establishment of the 
grade of member emeritus include: 

(1) The maintenance of this grade of membership may 
add to the financial burden of the Association. 

(2) The welfare of the Association demands that there 
be greater emphasis on ‘‘new blood”’ (The committee is not 
at all certain that this is a valid argument). 

If this grade of membership is established, questions 
such as the following must be settled: 

(a) How long should one have been a member of the 
Association to be eligible for election upon retirement to the 
grade of member emeritus? (b) Should the election be 
automatic, or upon request of the retiring member? (c) 
Should members emeritus pay regular dues, the same dues 
as, say, junior members, or no dues? (d) Should they have 
the privilege of voting, of holding office, of receiving the 
journal? 
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Available Graduate Appointments and Facilities for Advanced Study in Physics 


This fourth survey of opportunities for advanced study 
in physics is based on information obtained from a ques- 
tionary sent to all departments of physics and organizations 
in the United States and Canada known to offer graduate 
work or other facilities for advanced study. The informa- 
tion must be interpreted as estimates rather than exact 
lescriptions of the conditions that will prevail in these 
lepartments next year. 

Few appointments are available compared with the 
probable number of candidates and the mere publication 
of the list obviously does not improve this situation. The 
purpose of the information is to enable the student to 
choose intelligently the institutions in which he desires and 
can afford to study, and hence to render it unnecessary for 
him to send out applications promiscuously or to depend 
entirely on information obtained casually or through con- 
nections of a personal nature. If the list is used judiciously 
by students and their advisers, its publication will tend to 
prevent rather than encourage an unnecessarily large 
number of applications. The student, with the help of his 
adviser, should select a small number of institutions in which 


A. and M. College of Texas, Dean T. D. Brooks, College 
Station, Tex. M only. 2(4) graduate assistants, lab. teach., 
$405. Residents of state pay $50 t.; others, the nonresident 
t. of their state univ. R: spectroscopy; x-ray diffraction; 
polarimetry; electronics. 

Amherst College, Prof. S. R. Williams, Amherst, Mass. 
M only. 2 assistants, study and research, $900. R: elastic 
properties of rubber; correlations between hardness and 
magnetic properties. 

Baylor University, Prof. S. R. Spencer, Waco, Tex. M 
only; no form. 3(3) graduate assistants, lab. asst., 15 hr/wk, 
$300 to $400 less t. and f. 

Boston College, Chestnut Hill, Mass. May 1; M only; 
no form. 2(4) graduate assistants, 8 hr/wk general lab., 
$300. Appointees must have had 2 yrs advanced physics, 
advanced calculus, and differential equations. R: elec- 
tronics; electromagnetic waves. U: electronics. 

Boston University, Dean H. M. LeSourd, 84 Exeter St., 
Boston, Mass. Apply any time, 1(1) fellow, $600 and 
tuition; 3(3) assistants, tuition, 3(3) scholars, $200 less t. 
All appointees pay about $15 f.; service consists of lab. 
asst., etc. R: spectroscopy; many fields in mathematical 
physics. U: 30-ft Littrow spectrograph, Lummer-Gehrcke 
plates, echelons, étalons. 

Brown University, Registrar of Graduate School, Provi- 
dence, R. I. 1-2(1-2) scholars, study and research, t. and f. 
remitted; 2(6) graduate assistants, 18 hr/wk lab. teach., 
$550 first year; 2(3) minor assistants, 6 hr/wk service, t. 
and f. remitted; 1-2(1—2) fellows, study and research, $500 
less $300 t., unless remitted by summer research or other 
service. R: properties of single metal crystals (electron dif- 
fraction, photoelectricity, contact potentials, conductivity, 
magnetic susceptibility); theoretical and experimental 
acoustics, including supersonics; atomic theory calculations 
e.g., atomic wave functions); foundations of physics. U: 
single metal crystal technic; electroacoustics. 

California Institute of Technology, Graduate Dean, 
Pasadena, Calif. Feb. 15. 8(25) graduate assistants, lab. 
and lec. teach., room, board, t. and f. U: nuclear physics; 
cosmic rays; spectroscopy; physics of solids; x-rays; ultra- 
short radio; low temperatures; geophysics; biophysics; 
isotopes. 


he feels best qualified by his interests and abilities to study, 
and in any one of which he would be willing to accept an 
appointment as soon as it is offered. When he accepts an 
appointment, other pending applications should be withdrawn 
immediately. 

Note—Unless otherwise specified, the application must 
be filed with the person designated before March 1; if no 
person is designated, address the head of the Department 
of Physics. ‘‘M only’’ means that the master’s degree is 
the highest degree granted. ‘‘No form’’ means that a 
special application form is neither furnished nor required. 
The numerals preceding the parentheses indicate the 
probable number of vacancies for next year; those in 
parentheses indicate the total number of appointments 
existing in the department; e.g., 2(3) fellows means that 
three fellowships exist, two of which probably will be 
vacant and open to competition in 1941-1942. Except 
where otherwise indicated, appointees do not have to pay 
tuition (t.) or fees (f.). Under R are listed fields of research 
that are stressed in the department and under U, unusual 
facilities for research and study. 


Carnegie Institute of Technology, Chairman of Admis- 
sions, Pittsburgh, Pa. 2(7) teaching assistants, lab. and 
other teach., $800 first year, $1000 for reappointments. 
Appointees pay $405 t. and f. R: electricity and mag- 
netism; vacuum tube circuits; optics; nuclear and molec- 
ular physics. U: molecular beams; infra-red spectroscopy; 
thermomagnetic and galvanomagnetic effects; optical 
properties of metals and thin films; low temperatures. 

Case School of Applied Science, Prof. R. S. Shankland, 
Cleveland, O. M only. 1(4) graduate assistants, lab. and 
lec. asst., $600. R: acoustics; electron diffraction; ultra- 
violet spectroscopy; x-ray diffraction; meteorology. U: 
acoustics; electron diffraction. 

Catholic University of America, Dr. R. J. Deferrari, 
Secretary General, Washington, D. C. 2(2) K. C. Scholars, 
no service, board, room and t., less lab. f. R: theoretical 
physics; ultrasonics; spectroscopy. 

Central Scientific Company. Dr. M. N. States, Chicago, 
Ill. Apr. 1; no degree awarded. 3(3) industrial fellows, 
development lab., factory inspection, etc., $1200 for 12 
mo, less deductions for social security, etc. 

Charles A. Coffin Foundation. The Secretary, Schenec- 
tady, N. Y. Jan. 15. Charles A. Coffin fellowships for 
research in electricity, physics, and physical chemistry 
either here or abroad; or some portion or all of the fund 
may be used to further research at any institution in this 
country. 

Colorado College, Prof. P. E. Boucher, Colorado Springs, 
Colo, May 1; M only. 1(1) graduate teaching fellow, 6-10 
hr/wk lab. asst., remission of $225 t. R: x-rays; high 
frequency measurements; optics; photography. 

Columbia University, New York, N. Y. 5(15) assistants, 
lab. and other teach., $1000 less $20 f.; 3(4) part-time 


- assistants, lab. asst., grading, $200 to $500 less course 


fees; 2(2) fellows, study and research, $1000 to $1500 less 
$400 (or less) t.; 2(2-4) scholars, $400 to $500 less $400 t. 
For assistantships apply by letter before Mar. 1, and for 
part-time assistantship before July 1, to Prof. George B. 
Pegram; for fellowships and scholarships, obtain form from 
The Secretary of the University. U: molecular beams; mag- 
netism; properties of solids; cyclotron; nuclear physics. 
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Cornell University, Prof. R. C. Gibbs, Ithaca, N. Y. 
Preferably before Feb. 10. 4-7(30) graduate assistants 
[teaching (26), research (4) ], 1(2) fellows, $600 less $40 f. 
R: nuclear physics; x-rays; electronics and ionics; x-ray 
and electron diffraction; spectroscopy (visible and ultra- 
violet); cosmic rays; quantum mechanics (radiation, nuclei 
and solids). 

Dartmouth College, Prof. Norman E. Gilbert, Hanover, 
N.H. Apply any time; M only; no form. 2(4) graduate 
assistants, half-time lab. and lec. asst., $800 

De Pauw University, Prof. Orrin H. Smith, Greencastle, 
Ind. M only; Apr. 1 or later; no form. 0(1) graduate assist- 
ant, lab. asst., $200 or more. R: x-rays; ionization in gases. 

Duke University, Dean Calvin Hoover, Durham, N. C. 
2(3) fellows, $600 to $700 less $281 t. and f.; 3(4) graduate 
assistants, $500 to $550 less $241 t. and f.; 1(2) scholar, 
$400 less $281 t. and f. Services for all appointments con- 
sist of lab. asst. and grading. U: atomic and nuclear 
physics; magnetism; spectroscopy. 

Harvard University, Cambridge, Mass. 8(14) teaching 
fellows and half-time instructors, teach., $1000 less $200 t.; 
2(5) half-time assistants, grading problems, $100 to $300 
less $400 t.; several research assistants, not usually available 
to new students; 2(8) fellows and scholars, $400 to $900 
less $400 t. For fellowships and scholarships apply on form 
before Mar. 1 to Graduate Dean, School of Arts and Sci- 
ences; for other appointments apply by letter immediately 
to Department Chairman. U: high pressures; electric os- 
cillations; spectroscopy; cosmic rays; mass spectrography; 
ionosphere studies; nuclear physics; acoustics. 

Haverford College, Haverford, Pa. M only. No graduate 
appointments available for 1941-42. 

Indiana University, Prof. Allan C. G. Mitchell, Bloom- 
ington, Ind. 3-5(6—7) graduate assistants, 8 hr/wk teach., 
$500 to $700. R: nuclear physics; theoretical physics. 
U: cyclotron. 

Iowa State College, Graduate College, Ames, Ia. 2(7) 
graduate assistants, class and lab. asst., $540; 1(2) teaching 
fellows, lab. asst., $450. All appointees pay $12 f./quarter. 
R: applied physics. U: electronics; physics of crystals; 
cathode rays; biophysics; physics of soils; photography; 
illumination. 

Johns Hopkins University, Baltimore, Md. 2(6) junior 
instructors, 2 hr/wk conference, 3 periods/wk lab. asst., 
$750 less $336 t. and f.; 6 laboratory assistants, 2 periods/wk 
asst., remission of $336 t. and f.; 5(5) university scholars, 
remission of $300 t. but not $36 f. For scholarships apply 
on form supplied by Registrar’s Office; for other appoint- 
ments, by letter to Prof. J. C. Hubbard. R: optics; vacuum, 
visible, and infra-red spectroscopy; atomic and molecular 
structure; x-rays; nuclear physics; supersonics; theoretical 
physics. 

Lafayette College, Prof. C. McC. Gordon, Easton, Pa. 

only; no form. 1(2) assistants, lab. and lec. asst., 
grading, $500. R: electronics; radio; short waves; mathe- 
matical physics. 

Louisiana State University. Prof. D. V. Guthrie, Uni- 
versity, La. M only. 4(10) graduate fellows, lab. teach., 
$450 less $60 t. and f. R: x-rays; electronics; spectroscopy. 

McGill University, Prof. A. Norman Shaw, Montreal, 
Can. 5-6 demonstrators, 12 hr/wk service, $600 to $700; 
2-3 half-time demonstrators, 6-7 hr/wk service, $300 to 
$350. R: spectroscopy; electric waves; geophysics. 

Massachusetts Institute of Technology, Prof J. C. 
Slater, Cambridge, Mass. 4-6(18) teaching fellows, teach. 
or lab. asst., $500 to $600 and t.; several tuition scholars, 
study and research, t. and f. of $600 remitted; several half- 
tuition scholars, study and research, half of t. and f. of $600 
remitted. U: spectroscopy; electronics; x-ray crystal struc- 
ture; high voltage, nuclear structure, and radioactivity; 
applied optics; classical and modern theoretical physics. 

Michigan State College, East Lansing, Mich. No gradu- 
ate appointments available. R: x-rays; spectroscopy; 
geophysics; supersonics. 

Mount Holyoke College, South Hadley, Mass. M only. 
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1 fellow, study, apply on form, $500 and remission of t. 
and f.; 1 graduate assistant, 10 hr/wk general asst., apply 
by letter, t. and f. remitted. R: effect of stress on electrical 
resistance; discharge through gases; Geiger counter circuits 
and cosmic rays. 

New York University, Washington Square College, 
Prof. C. W. Van der Merwe, New York, N. Y. March 31. 
2(3) graduate assistants, $1000; 0(2) instructors, $1800. 
Appointees pay $3 to $6 f.; teach 12 hr/wk. R: theoretical 
and experimental nuclear physics; band, infra-red and 
hyperfine spectroscopy. 

Northwestern University, Graduate Dean, Evanston, IIl. 
?(1) fellow, study and research, $500—$800; 1(1) tutorial 
fellow, 8 hr/wk tutoring, board, room and t.; 5(5) graduate 
assistants, lab. asst., 12 hr/wk, $500—$800+ 3 t. R: photo- 
electricity; spectroscopy; supersonics; electric discharge; 
low temperature; x-rays. U: new laboratory and equipment 
in Technological Institute. . 

National Research Council, 2101 Constitution Ave., 
Washington, D. C. Address communications to the Secre- 
tary, Fellowship Board in the Natural Sciences. 

Ohio State University, Columbus, O. 10(22) graduate 
assistants, lab. teach., $450; 1(1) assistant, research asst., 
$990; 1-2 (varies) fellows, study and research, $500; 1-2 
(varies) scholars, study and research, $300. For all assist- 
antships apply by letter to department chairman; for other 
appointments apply on form to Graduate Dean. R: nuclear 
physics; infra-red spectroscopy; band spectra; x-rays and 
crystal structure; theoretical physics; Zeeman effect. 
U: nuclear physics; infra-red spectroscopy; Zeeman effect. 

klahoma Agricultural and Mechanical College, Still- 
water, Okla. M only. 1(2) graduate assistants, teach quiz or 
lab. sections, $450. 

Oregon State College, Prof. W. Weniger, Corvallis, Ore. 
1-2(4) graduate assistants, teach. and lab. asst., $540 less 
$32/term t. and f. 1(1) fellow, $750 less $32/term t. 

Pennsylvania State College, Prof. W. R. Ham, State 
College, Pa. Jan. 29. Graduate assistants, preference given 
to applicants with M degree, half-time teach., § : 
graduate stipend scholars, 6 hr/wk teach. asst., $300; graduate 
scholars, 4 hr/wk teach. asst., remission of t. and f. All 
applicants not having M degree must take competitive 
examination. U: molecular beams; spectroscopy; super- 
sonics; diffusion of gases in metals; physics of high pres- 
sures; specific heats near 0°K; x-rays and crystal structure. 

Polytechnic Institute of Brooklyn, Prof. Erich Haus- 
mann, Brooklyn, N. Y. Apr. 1; M only (Ph.D. in chem., 
chem. eng. and elec. eng.); no form. 2(2) graduate fellows, 
grading. R: optics; electricity; mathematical physics. U: 
spectroscopy; field emission; electrical conduction. 

Princeton University, Dean of Graduate School, Prince- 
ton, N. J. (1-2) Proctor fellows (rarely awarded to a first- 
year student), $1400; (2-4) fellows, $700; (1-2) junior 
fellows, $400; (6-8) research assistants, $600. Fellows devote 
time to study and research; assistants give half-time help 
to some member of staff. All appointees pay $5 f. R: line 
spectra; infra-red spectra; ionization in gases; mass spec- 
trography; nuclear physics; relativistic mechanics; quan- 
tum mechanics and its applications to atomic and molecular 
problems. U: spectroscopy; high voltage; mass spectro- 
graphs; cyclotron. 

Rensselaer Polytechnic Institute, Chairman of Graduate 
Committee, Troy, N. Y. 1-2(1-3) fellows, 3 credit hrs/wk 
service may be requested, $700 less $300 t. and f.; ?(?) 
scholars, study and research, $100 to $300, less $300 t. and 
f. R: optics; acoustics; radio and communication; properties 
of metals. 

Rice Institute, Prof. H. A. Wilson, Houston, Tex. Apr.1; 
no form. 2(5) fellows, 2 afternoons/wk asst., $500 less $34 f. 
R: nuclear physics; photoelectric conductivity; magnetic 
properties; etc. 

Rutgers University, New Brunswick, N. J. 2(4) graduate 
assistants, half-time lab. asst., $600, t. and f. remitted; 
2 (varies) graduate scholars, t. and f. remitted. R: solid 
state; spectroscopy; atomic constants; optics; radioactivity. 
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Smith College, Northampton, Mass. Ordinarily M only. 
1(2) teaching fellows, lab. and lec. asst., apply by letter to 
Prof. A. T. Jones, $600; 1 fellow, study and research, 
apply on form to Dean Marjorie H. Nicolson, stipend 
consists of board and room. R: nuclear physics in connec- 
tion with an electrostatic generator; sound; electronics; 
photography; ultraviolet spectrophotometry. 

Stanford University, Prof. D. L. Webster, Stanford 
University, Calif. May 1; no form. 1(6) teaching assistant, 
lab. teach., $700 less $130 /quarter or $8/unit t. R: x-rays; 
atmospheric electricity; nuclear research; theoretical 
physics. 

State College of Washington, Pullman, Wash. M only. 
4 graduate assistants, max. of 20 hr/wk teach., grading and 
lab. asst., $450. R: work functions of metal surfaces; x-rays; 
internal friction in metals and alloys; electron optics; theory 
of solids. 

Syracuse University, Syracuse, N. Y. M only. 2(6) 
graduate assistants, 12 hr/wk lab. teach., apply to Prof. 
W. R. Frederickson, $600; 1(2) scholars, 3 hr/wk service, 
apply to Dean W Bray, t. remitted. All appointees 
pay $5 f. R: thermal conduction and expansion; magnetism; 
electronics; electric conduction in gases; spectroscopy. 

Teachers College, Columbia University, Prof. 3.. KR. 
Powers, New York, N. Y. Apply any time; no form. 1(1) 
graduate assistant, physical science lab., grading, educa- 
tional research, etc., $1000 less $20 f.; (1) ‘graduate assistant, 
physical and biological science lab. and demonstrations, 
etc., $500 less $12.50 per point t. and $5-$10 f. R: science 
teaching and science education. 

Tufts College, Prof. J. R. Harrison, Medford, Mass. 
May 1; M only; no form. 0(2) assistants, lab. asst., $1000 
less $5'f. U: vacuum tubes; piezoelectricity. 

Tulane University, New Orleans, La. M only; Apr. 15; 
no form. 4(5) graduate assistants, 10 hr/wk lab. teach., 
$500 less $25 f.; unassigned nonservice scholarships, $250. 
For assistantships apply before Mar. 11 to Prof. D. S 
Elliott; for scholarships apply to Graduate Dean. R: 
electronics; photoelectric spectrophotometry; infra-red 
spectroscopy; x-ray analysis. 

Union College, Prof. P. I. Wold, Schenectady, N. Y. 
M only; May 1; no form. 2(2) graduate assistants, lab. asst., 
$600 less $90 t. and f. R: properties of metals; vacuum tube 
circuits. 

University of Akron, Prof. F. F. Householder, Akron, O. 
M only; May 1; no form. 2(4) graduate assistants, 15 
hr/wk lab. asst., grading, $450. 

University of Arizona, Graduate Dean, Tucson, Ariz. 
M only. 1(1) fellow, lab. asst., $350 less $54 t. and f. R: 
x-ray diffraction patterns; solar radiation (spherical 
absorber). U: astrophysics; photoelectric and photographic 
photometry with 36-in. reflector. 


University of British Columbia, Prof. G. M. Shrum, 


Vancouver, Can. M only. 5-8 graduate assistants. R: 
spectroscopy. 

University of California, Berkeley, Calif. Feb. 20. 10— 
15(32) teaching assistants, lab. asst., grading, etc., $650; 
various graduate fellows, $300 to $1000. All appointees 
pay $55 f.; nonresident t. of $150 usually remitted. Appli- 
cants not already in residence should apply for assistant- 
ships. U: spectroscopy; nuclear physics; cosmic rays; 
mobility of ions; mathematical physics. 

University of California at Los Angeles, Prof. Joseph 
Kaplan, Los Angeles, Calif. 3(8) teaching assistants, lab. 
teach., $650, apply before Mar. 1; ?(5) readers, grading, 
$25 to $100, apply before Sept. 1. All appointees pay 
$50 f.; nonresidents also pay $150 t. unless exempted on 
basis of high scholarship. R: acoustics; spectroscopy; 
meteorology; upper atmosphere. U: infra-red spectros- 
copy; acoustics; upper atmosphere, meteorology. 

University of Chicago, Committee on Fellowships and 
Scholarships, Chicago, Ill. 3(6) graduate assistants, teach. 
and lab. asst., $750 less $33.33 f./course; 4(6) fellows, lab. 
asst., grading, etc., $500 less $300 t. and f.; 5(5) graduate 
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service scholars, lab. asst. 
$300 t. and f 

University of Cincinnati, Graduate Dean, Cincinnati, O. 
Mar. 15. 0(1) graduate assistant, lab. asst., $400; 6(5-6) 
fellows, study and research, $100 to $500; 6 scholars, 
study and research, remission of various f. All appointees 
pay $5 f. R: spectroscopy; soft x-rays; atmospheric 
electricity. U: soft x-rays, etc. 

University of Denver, Dean A. C. Nelson, Denver, Colo. 
M only; Apr. 1. 1-2(2) graduate assistants, lab. and re- 
search asst., $125 to $250 less $234 t. and f. U: high 
altitude laboratory (14,000 ft); cosmic rays. 

University of Idaho, Prof. G. W. Hammar, Moscow, 
Idaho. Apr. 1; M only; no form. 1(2) teaching fellow, teach. 
and lab. asst., $500. R: various fields. U: optical spec- 
troscopy. 

University of Illinois, Urbana, Ill. 6(23) graduate assist- 
ants, half-time teach., $700; scholars and fellows, study and 
research, $300 to $600. New students pay $10 f. For as- 
sistantships apply before Feb. 15 to Prof. F. W. Loomis; 
for other appointments apply before Feb. 15 to Dean 
R. D. Carmichael. R: spectroscopy (band and line spectra, 
hyperfine structure); nuclear physics; mass spectra; acous- 
tics; theoretical physics; fluorescence; electron optics. U: 
spectroscopy (vacuum, visible, near infra-red); nuclear 
physics (cyclotron, linear accelerator, Ra-Be source); 
acoustics; fluorescence; theoretical physics. 

University of Kansas, Lawrence, Kan. ?(2-3) graduate 
assistants, 20 hr/wk class and lab. teach. and papers, $450; 
university scholars (8-9 for whole university), 0-6 hr/wk 
service, $250; university fellows (3 for whole university), 
0-6 hr/wk service, $400. All appointees pay $70 and lab. 
f.; nonresidents pay additional $110. For assistantships, 
apply any time by letter to Prof. F. E. Kester; for other 
appointments apply on form to Dean E. B. Stouffer. U: 
dielectric constants of liquids and gases; thermal and 
optical properties of liquid alloys. 

University of Kentucky, Prof. Wm. S. Webb, Lexington, 
Ky. May 1. 6(8) graduate assistants, 10 hr/wk lab. asst., 
$500 less $100 t. for state residents or $160 for nonresi- 
dents. For information concerning fellows and scholars, 
address Graduate Dean. 

University of Louisville, Louisville, Ky. M only. No 
graduate appointments available at present time. 

University of Maine, Prof. C. E. Bennett, Orono, Me. 
Apply any time; M only; no form. 2(2) graduate assistants, 
lab. asst., 

University of Manitoba, Winnipeg, Manitoba, Can. M 
only. No appointments available in 1941-42. R: biophysics; 
thermionics; x-rays; radioactivity; spectroscopy. U: Can- 
cer research laboratory, with 1 gm of radium, half in needles 
and half in solution. 

University of Maryland, Prof. Chas. G. Eichlin, College 
Park, Md. M only; June 1; no form. 2 fellows, 9 hr/wk lab. 
teach., $400. 

University of Michigan, Ann Arbor, Mich. 5 (15) teaching 
assistants, lab. teach., $300 to $700; 3(1-6) research as- 
sistants, research asst., $100 to $1200; 2(1-3) fellows, study 
and research, $500 to $1000. All appointees pay $120 t. if 
state resident, $200 if nonresident. For assistantships 
apply to Prof. R. A. Sawyer by Mar. 15; for fellowships, 
to Graduate Dean by Feb. 15. R: sound; spectroscopy; 
x-rays; electronics; vacuum tubes; radio. U: infra-red 
spectroscopy; nuclear physics; cyclotron; high potential. 

University of Minnesota, Minneapolis, Minn. 5(15) 
teaching fellows, lab. teach., $600. R: x-rays; electronics; 
atomic structure; spectroscopy; biophysics. U: nuclear 
physics; mass spectroscopy. 

University of Mississippi, Dean D. H. Bishop, Uni- 
versity, Miss. M only; July 1. 1(1) graduate scholar, teach. 
and lab. asst., $300 less $50.75 t. and f. for state residents 
or $100.75 for nonresidents. Applicants interested in a 
particular research field should describe their preparation 
for it. 


, library work, etc., remission of 
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University of Missouri, Columbia, Mo. 1(4) graduate 
assistants, lab. teach., $500 less lab. f. and $30-$60 t. and f.; 
Gregory scholars (10 for university), study and research, 
$300 less lab. f. and $60 t. and f. An advanced student 
who has begun research may be awarded a $600 fellowship 
for study and research. For assistantships apply by letter 
to Prof. H. M. Reese; for scholarships, apply on special 
form to Graduate Dean. R: x-rays; biophysics; photo- 
voltaic effect; ionizations. U: diffraction of x-rays in liq- 
uids; biological effects of radiation. 

University of Nebraska, Prof. H. H. Marvin, Lincoln, 
Neb. M only. 4(5) graduate assistants, 6-8 hr/wk, in charge 
of lab. secs., $480 less $6 f. R: spectroscopy; x-rays; con- 
duction of electricity in gases; electric and magnetic 
measurements. 

University of New Mexico. M only; last date for appli- 
cation indefinite. 1(1) graduate fellow, lab. teach., $400 less 
$62 t. and f. R: geophysics. U: lightning and thunderstorm 
phenomena. 

University of North Carolina, Dean W. W. Pierson, 
Chapel Hill, N. C. Feb. 15. 1(1) teaching fellow, usually 
awarded for third or fourth graduate year, $500; 5 graduate 
assistants, $450. Total service for each appointee is 16 
hr/wk lab. asst. and grading. One-half graduate assistant- 
ships may be assigned to suitable applicants needing 
financial aid. All appointees pay $26 f. which covers 
laundry, infirmary, etc. R: infra-red spectroscopy; bio- 
physics; interactions of electrons and y-rays with matter. 
U: excellent grating spectrographs for infra-red; cloud 
chambers. 

University of Notre Dame, Secretary of Graduate School, 
Notre Dame, Ind. 2(12) graduate assistants, lab. asst., 
$750 less $10/sem hr t. R: physics of rubber; theoretical 
physics (solid state; nuclear physics); electronics (inter- 
action of low energy electrons with matter); nuclear physics 
(interaction of high energy electrons with matter). U: 
electronics (surface properties of metallic and nonmetallic 
solids); nuclear physics (1.8-Mev Van de Graaff electro- 
static generator in operation; large pressure electrostatic 
generator under construction). 

University of Oklahoma, Prof. H. L. Dodge, Norman, 
Okla. Mar. 1 if possible, 1(3) industrial fellows, 20 hr/wk, 
$400 to $750; 4(6) graduate assistants, 18 hr/wk lab. asst., 
$400; 1(3) instructor (half-time), teaching college physics, 
$800; 2(2) research fellows and scholars, 12 hr/wk on own 
research, $300; 3(4) university scholars, t. and f. remitted. 
R: Raman effect, infra-red absorption spectra; molecular 
and crystal structure; geophysics; photoelectricity; x-ray 
spectroscopy ; separation of isotopes. U: Raman effect. 

University of Pennsylvania, Philadelphia, Pa. 1(2) 
laboratory assistant, half-time lab. asst., $500, apply by 
letter to Physics Department. For the following appoint- 
ments, which are open to general competition in the 
graduate school and require no services, apply on form to 
Dean E. B. Williams: Harrison research fellows, $1500; 
Harrison fellows, $600; Harrison and university scholars, 
$200 down to t. remitted; several fellowships supported 
by industrial laboratories, approx. $600. All appointees pay 
minor fees. U: the solid state; x-ray and electron diffrac- 
tion; radioactivity; nuclear physics. 

University of Pittsburgh, Prof. E. Hutchisson, Pitts- 
burgh, Pa. 5(11) graduate assistants, lab. teach., $500. R: 
not limited. U: physics of metals; optical pyrometry; 
nuclear physics; seismology. 

University of Rochester, Prof. L. A. DuBridge, Roches- 
ter, N. Y. 2(7) graduate assistants, lab. asst., $600; 1(4) 
fellow, research asst., research experience required, $600; 
1(4) graduate assistant, Institute of Optics, teach. and 
research (apply to Prof. Brian O’Brien), average stipend, 
$600. All appointees pav $5 f. R: electron emission; 
nuclear physics; optics; biophysics. U: cyclotron; optics. 


University of Southern California, Mrs. F. B. Watt, 
Los Angeles, Calif. 1(2) fellow, lab. asst., $500 less $240 t. 
and f. R: electrical measurements; vacuum-tube phe- 
nomena. 

University of Utah, Salt Lake City, Utah. M only. 
3(5) teaching fellows, 15 hr/wk lab. asst., $300 less t. and f. 

University of Vermont, Prof. G. P. Burns, Burlington, 
Vt. M only; Feb. 1. 4(8) for university, research fellows, 
max. of 8 hr/wk lab. asst., $800. U: photoelectric and 
thermoelectric effects; x-rays. 

University of Virginia, University Station, Charlottes- 
ville, Va. 1(5) service fellows, lab. and quiz sections, $530; 
1(2) service fellow, lab. and quiz sections, $380; 2(2) Philip 
Francis du Pont junior fellows, $200-$275; 1(3) Philip Fran- 
cis duPont senior fellow, $300-$375; 2(2) Philip Francis 
du Pont research fellows, $475- $830. For service fellowships 
apply to Prof. L. G. Hoxton; for duPont fellowships,which 
involve research and study only, apply to Secretary of 
Graduate Dean. U: ultracentrifuge and electric discharge 
problems. 

University of Wisconsin, Madison, Wis. Feb. 15. 
2-3(7-8) research assistants, 20 hr/wk service, $600; 
4-5(15-16) teaching assistants, 14 hr/wk lab. teach., $750; 
0-1(1-2) fellow, 4 hr/wk service, $600; 3-4(4-5) alumni 
research fellows and scholars, study and research, $400 to 
$600; 0-1(0-1) scholar, study and research, $250. All 
appointees pay $65 t. and f. For assistantships apply to 
Prof. L. R. Ingersoll; for fellowships and scholarships, to 
Dean E. B. Fred. U: nuclear physics; electronics; spectros- 
copy; thermodynamics. 

University of Wyoming, Laramie, Wyo. M only; no 
form. 1(1) graduate assistant, lab. and quiz asst., grading, 
$500 less $30 t. and f. R: single crystals (zinc); evaporation. 

Utah State Agricultural College, Logan, Utah. Apr. 1; 
M only. 1(2) graduate teaching assistantship, $400. R: soil 
physics, linear resonance accelerator, cosmic rays. 

Vanderbilt University, Graduate Dean, Nashville, Tenn. 
M only. 1(1) scholar, 6 hr/wk library, $300 less $203 t. and 
f.; 2(2) fellows, 6 hr/wk lab. asst., $500 less $203 t. and f. 

Wellesley College, Prof. Louise S. McDowell, Wellesley, 
Mass. M only; no form. 1(2) assistant, 22 hr/wk lab. teach., 
etc., $600. R: dielectrics. 

Wesleyan Univeristy, Department Chairman, Middle- 
town, Conn. Apply any time; M only; no form. 1(3-5) 
half-time graduate assistants, lab. asst., grading, etc., $600 
to $800. R: piezoelectricity; high frequency phenomena. 

Western Reserve University, Prof. H. W. Mountcastle, 
Cleveland, O. M only. 1 graduate assistant. R: supersonics, 
etc. 

Westinghouse Electric and Manufacturing Co., J. H. 
Belknap, Technical Employment and Training Dept., 
Pittsburgh, Pa., Feb. 15. 5 post-doctorate research fellows, 
complete freedom and support of research on project pro- 
posed by applicant, the work to be carried on in Westing- 
house Research Laboratories, $2400. U: nuclear physics; 
electronics; ferromagnetism; dielectrics; chemical phvsics; 
physical metallurgy; applied mechanics. 

Worcester Polytechnic Institute, Worcester, Mass. No 
appointments open for 1941-42. 

Yale University. New Haven, Conn. 3(8) Jaboratory 
assistants, lab. asst., grading, $800; 2(2) research assistants, 
lab. asst., $1200 to $1500; scholars and fellows, study and 
research, $315 to $1150. All appointees pay $315 t. and f. 
For assistantships apply (no form) to Prof. W. W. Watson; 
for fellowships and scholarships obtain form from Graduate 
Dean. U: magnetism; spectroscopy; radioactivity; x-rays; 
nuclear physics; cosmic rays; low temperatures; theoretical 
physics. 

[ This list will be continued in the February, 1941 issue. ] 
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TEXTBOOKS AND REFERENCES FOR GENERAL 
COLLEGE Puysics 


College Physics. JoHN A. ELpripGe, Professor of 
Physics, University of lowa. Ed. 2. 714 p., many figs., 53 
tables, 14X22 cm. Wiley, $3.75. In the Preface of this 
revised and enlarged edition of a well-known textbook, 
PROFESSOR ELDRIDGE says: 


As I write this my radio brings words from the chief of the U. S. 
Navy, advising young men about training for their country's need: 
“Young man, learn about machines; become acquainted with the 
operation of your automobile, of your radio.’’ Educational ideas 
have been changed overnight. Yesterday the dominant idea was 
untrammeled self-expression; today the word discipline has come 
back into the educational vocabulary. Discipline and training. If we 
believe all we hear there is to be a new emphasis upon the physical 
sciences . . . it would certainly seem that college students, future 
leaders of democracy, must learn to think—to think harder, more 
objectively, more incisively, more in anticipation of the future 
event—or we shall all be told not to think at all. 


The first edition of this book received an extensive and 
favorable review in this journal [6, 222 (1938) ]. 


Light and Colour in the Open Air. M. MINNAERT, 
Professor at the University of Utrecht. Tr. by H. M. 
KREMER-PRIEST; rev. by K. E. BRIAN Jay. 274 p., 160 
figs., 16 plates, 1422 cm. G. Bell & Sons, 15 s. net. The 
author of this unique and useful collection of 233 ‘notes 
on physical nature study”’ points out that a book on all 
that is to be seen of particular interest to the student of 
physical science in inanimate nature should be just as 
necessary to him as a book on flora and fauna is to the 
biologist. In the teaching of physics we have not sufficiently 
realized the importance of outdoor observations. ‘‘They 
help us in our increasing efforts to adapt our education to 
the requirements of everyday life; they lead us by natural 
methods to ask a thousand questions, and, thanks to them, 
we find later on that what we learnt at school is to be found 
again and again beyond our school walls.’’ The notes 
comprising this book have been collected by the author over 
a period of many years. In many of them he raises inter- 
esting questions or gives references to the literature that 
serve to stimulate further observation and thought. The 13 
chapters into which the notes are grouped have titles such 
as “Reflection of light,’’ ‘‘After-images and contrast 
phenomena,” ‘Judging shape and motion,” ‘Light and 
colour of the landscape and of the sky,’”’ ‘‘Luminous plants, 
animals and stones.’’ In the last-named chapter, for 
example, one finds notes on glow-worms, phosphorescence 
of the sea, luminous wood and leaves, cats’ eyes at night, 
reflection of light on mosses, fluorescence of plant juices, 
phosphorescent ice and snow, scintillations from stones, 
and will-o’-the- wisps. Many of these are things of everyday 
life, here made interesting and meaningful because they are 
placed in a scientific framework; but many others are things 


unfamiliar to the average person, although they can be seen 
almost any moment, once attention has been drawn to 
them. All can be observed without the aid of special 
instruments or technics, although they are rendered 
immensely more interesting and significant to the reader 
who is already somewhat familiar with the underlying 
physical principles. The book should be valuable as 
collateral reading for beginners, as well as providing a rich 
source of illustrative material for the teacher. 


INTERMEDIATE TEXTBOOKS 


Light. F. Bray, Late Science Master at Clifton College. 
Ed. 2. 381 p., 253 figs. and plates, 12X18 cm. Longmans, 
Green, $2.50. The grade of this textbook is semi-intermedi- 
ate. Calculus is employed in a few sections which can, 
however, be omitted. In the present edition, the chapters on 
photometry and on spectra have been rewritten; and the 
sign convention now adopted is to regard real objects and 
images as being formed in positive spaces, and virtual 
objects and images, in negative spaces. 


Sound. E. G. RicHaRpDson, Senior Lecturer in Physics, 
King’s College, Newcastle-on-Tyne, University of Durham; 
Visiting Lecturer in Applied Acoustics at the University 
Colleges of London and Dublin. Ed. 3. 346 p., 118 figs., 
13X21 cm. Longmans, Green, $5.25. The third edition of 
this useful textbook differs from the second (1935) mainly 
in that the chapters on impedance, supersonics and sound 
reproduction have been brought up to date and extended. 
As in the earlier editions, more than ordinary attention is 
given to the experimental researches in the field and to 
musical, physiological and technologic applications. The 
specific references to the literature are numerous for a book 
of intermediate grade. Elementary calculus is employed. 


ADVANCED TEXTBOOKS AND TREATISES 


Properties of Ordinary Water-Substance. N. ERNEsT 
Dorsey, Physicist, National Bureau of Standards. 697 p., 
289 tables, 12 figs., 15X23 cm. Reinhold, $15. In this 
important compilation of the properties of pure, ordinary 
water in all its phases, in its synthesis and dissociation, and 
in its transition from phase to phase, the author has made a 
great effort to present, either actually or by reference to 
the literature, all the existing material likely to be of 
interest to the worker in this field. All the data pertaining to 
the subject in the International Critical Tables are here 
assembled in a revised, extended and more accessible form, 
and types of material are now included that, for one reason 
or another, were omitted from the aforementioned tables. 
Nor is the compilation confined to numerical data, for 
there is much descriptive information, including dis- 
cussions of the significance and derivation of data and 
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formulas. The units for the numerical data are in every 
case specified clearly, in the best physical manner. An 
extensive index is provided. Although no attempt is made 
in general to include information on the behavior of water 
in the presence of another substance, data are given on the 
effects of the presence of air, the solubilities and diffusivities 
of certain gases in water, and other similar effects that are 
incidental to an understanding of the behavior of water 
itself. This work is No. 81 in the American Chemical Soctety 
Series of Scientific and Technologic Monographs. 


The Mathematical Papers of Sir William Rowan 
Hamilton. Vol. II, Dynamics. Edited for the Royal Irish 
Academy by A. W. Conway, Professor of Mathematical 
Physics, University College, Dublin, AnD A. J. MCCONNELL, 
Fellow and University Professor of Natural Philosophy, 
Trinity College, Dublin. 671 p., 22X30 cm. Cambridge 
Univ. Press and Macmillan, $19.50. HAMILTON’s published 
works alone might well have formed the entire output of a 
long and laborious life; yet they represent only a small part 
of his extensive investigations, as the latter are revealed in 
the enormous collection of manuscripts in the possession of 
Trinity College, Dublin. HAMILTON was a precise and 
meticulous writer, and the material which he did publish 
was carefully rewritten by him in the form of compact and 
condensed abstracts, which on this account are often 
difficult to read and comprehend. The present volume is 
confined to the papers on the dynamics of bodies and of 
light, and on the ‘‘Calculus of principal relations,’’ which is 
a natural extension of HAMILTON’s method of the principal 
function to obtain integrals of total and even partial 
differential equations. About three-quarters of the material 
appears in print for the first time, and this includes all the 
important papers in the volume except the two famous 
essays that have been of such great value in theoretical 
physics and particularly in quantum theory; namely, those 
entitled ‘On a general method in dynamics”’ (1834-1835), 
in which HAMILTON develops all theoretical dynamics by 
the aid of one central function, introduces the principal 
function and its properties, and establishes his equations of 
motion. Much of the hitherto unpublished material is in an 
unfinished condition, for it was not intended for publication; 
but it is just this preliminary work, often involving the 
solution of many specific problems in a laborious transition 
from particulars to general conclusions, that shows most 
clearly HAMILTON’s method of working and his great power 
of manipulation. The book is carefully edited and includes 
37 pages of editorial notes. It is beautifully printed. 
Volume I, previously published, contains HAMILTON’s 
papers on geometrical optics. 


Electrodynamics. LEIGH PAGE and N. I. Apams, Yale 
University. 518 p., 115 figs., 15x23 cm. Van Nostrand, 
$6.50. This advanced textbook in theoretical electro- 
dynamics is a fitting sequel to the authors’ volume, The 
Principles of Electricity and to the senior author's textbook, 
Introduction to Theoretical Physics, both of which appeared 
some years ago in this series. The relativistic attitude is 
adopted from the start and the Maxwell equations are 
deduced on the basis of the emission theory. Because of 


limitations of space, the authors have omitted electrostatics 
and magnetostatics and refer the reader to other readily 
available texts. The first 128 pages are devoted to a review 
of three-dimensional vector analysis, a comprehensive 
treatment of dyadics and a development of all the rela- 
tivistic theorems required in the ensuing pages. Then 
proceeding to their main objective, the authors derive the 
equations of the electromagnetic field from a consideration 
of a point charge and with the aid of retarded quantities, 
and, after stating the necessary and sufficient boundary 
conditions, generalize these equations to the case of any 
number of such charges. The fields of the elementary charge 
moving with constant velocity and with constant acceler- 
ation are then considered in relation to the force equation, 
and application is made to the spinning electron both at 
rest and in motion in order to deduce the equation of 
motion of the spinning electron. The electromagnetic 
equations are next applied to material mediums, and the 
energy, stress and momentum relations are obtained to 
study electromagnetic waves in homogeneous isotropic 
mediums. Considerable space is devoted to radiation and to 
radiating systems, including a point charge, a group of 
point charges and the spinning electron. This is followed by 
a discussion of free and forced oscillations in conductors of 
various shapes. The electromagnetic theory of light is then 
developed and applied. Finally there is a four-dimensional 
formulation of the equations of electromagnetism with an 
extensive presentation of four-dimensional vector and 
tensor analysis and an application of general dynamical 
methods to circuit theory, the magnetron and cosmic-ray 
trajectories. This book should serve not only as an excellent 
text for a graduate course but also as a valuable reference 
in which may be found a lucid and logical presentation of 
electrodynamics in the light of recent developments. The 
publishers are also to be commended on their workmanship 
which maintains the high standard of the other books in 
this series.—L. G. P. 


CHEMICAL PHysICS AND PHYSICAL CHEMISTRY 


Electrocapillarity—the Chemistry and Physics of Elec- 
trodes and Other Charged Surfaces. J. A. V. BuTLER, 
Lecturer in Chemistry, University of Edinburgh 216 p., 
57 fig., 30 tables, 1422 cm. Chemical Publishing Co., $5. 
The emphasis in this book is on the work on electrocapil- 
larity that has been done during the last 15 years and with 
which the author has been closely associated. Particular 
attention is given to topics that are inadequately discussed 
in the existing literature. The main subjects treated include 
seat of the emf in the galvanic cell, thermodynamics of 
electrode potentials, mechanism and energetics of reversible 
electrode potentials, electric double layers, electrokinetic 
phenomena, electrode reactions and overvoltage, concen- 
tration polarization and the deposition of metals, various 
electrode processes. Topics that are omitted or barely 
mentioned because adequate reviews exist elsewhere in- 
clude uses for reversible electrodes in determining the 
thermodynamic properties of electrolytes, polarographic 
studies, phase boundary potentials between two liquids, 
and corrosion of metals. 
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APPARATUS AND DEMONSTRATIONS 


Notes on the demonstration of “‘wetter” water. C. R. 
CaryL; J. Chem. Ed. 17, 468 (1949). The remarkable 
reduction in surface tension produced by modern syn- 
thetic wetting agents may easily be shown as follows: 
(1) Powdered sulfur will float indefinitely on the surface 
of water in a beaker but will sink immediately when a few 
drops of Aerosol OT (the di-octyl ester of sodium sulfosuc- 
cinate) are added to the surface by means of a stirring rod 
or eyedropper. (2) Into one beaker containing water and 
another containing water plus 0.1 percent Aerosol OT, 
powdered sulfur is poured from both hands; the sulfur 
does not penetrate the surface of the pure water but pours 
like sand into the beaker of ‘‘wetter’’ water. Pieces of 
ordinary string, or wads of raw wool or cotton, float in 
the one beaker but immediately wet and sink in the other. 
(3) A.gram of Aersol OT pressed into the stern of a toy 
ship, made preferably of balsa wood, will propel the ship 
back and forth in a tank of water for hours; the speed 
increases with the temperature of the water.—D. R. 


EpDITORIAL POLICIES OF A SCIENTIFIC PERIODICAL 


On scholarly writing and critical reviewing. W. L. 
McATEE; Sci. Mo. 51, 77-79 (1940). The following extracts 
from this article describe positive points of view to which 
the American Journal of Physics, in its editorial policy, 
subscribes completely: 

“Institutional editing, in general, is well organized and 
efficient, giving a good degree of dignity, accuracy and 
clarity to its products. The less formal and mostly unpaid 
editing of scientific periodicals, however, is often not 
attended with such favorable results. In a good many 
instances, apparently, no real editing is done. A few commas 
may be added or tables and bibliographies made to conform 
to the adopted style, but on the whole, manuscripts are 
merely accepted or rejected. This practice evades editorial 
responsibility and is unfair in that a well-written paper 
may be accepted, though deficient in accuracy, while a 
‘diamond in the rough’ so far as substance is concerned, 
may be rejected. To contribute to the advance of knowl- 
edge, it is just the authors of these promising but poorly 
expressed articles who should be helped. Editorial efforts 
spent in aiding these writers with references, supple- 
mentary information and suggestions as to better expres- 
sion will in most cases be appreciated and, in the long run, 


will be repaid a thousandfold in terms of improved’ 


scholarship. 

“To an old-fashioned critic, it appears nowadays that 
no matter how trivial the topic nor how ill-judged the 
content of an article, if it be presented in ‘constructive’ 
form as an alleged contribution to knowledge, it is accepted 
for printing. On the other hand, a review calling attention 
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to crudity, incompleteness or illogicality of a published 
paper is rejected as being ‘destructive.’ 

“Limitation of discussion is not in accord with the spirit 
of science, in which all questions should be forever open. 
Suppression is alien to science and should be also to 
publishing mediums and institutions dealing with any 
phase of science. Suppression is a trait of authoritarianism 
which the proletarians usually get for their pains instead 
of their vaunted brotherhood. Critical writing is equivalent 
to discussion at meetings. That is usually allowed and is 
sometimes as liberally provided for as are formal con- 
tributions themselves. A meeting at which discussion is 
not permitted is generally regarded as unsatisfactory, and 
the parallel situation in publication is equally so. 

“Even if other disciplines reject them, science should 
preserve and encourage its critics. A true scientist is a born 
sceptic, so why after retaining that quality long enough to 
make progress in science should he discard it? Scepticism, 
wholesome doubt, is among his most useful tools and its 
manifestations in a critic should be welcomed, not con- 
demned. Humanity tends toward mob psychology, but the 
scientist should remain himself, poised, observant, critical 
of all things. To become one of a mob is to desert science. 
Suppression of criticism, rooted in the fatally easy prefer- 
ence for ease and freedom from every irritation or annoy- 
ance, is such a desertion and is, in the present state of 
philosophy, desertion in the face of the enemy.”—D. R. 


Cueck List oF PERIODICAL LITERATURE 


Utilizing sun rays. C. G. ABBot; Sci. Mo. 51, 195-200 
(1940). When it becomes possible to produce existing solar 
power devices in quantities, solar energy probably can be 
made available, with fair return on the investment, at a 
maximum cost of 0.5 ct/hp hr. 

Milestones in meteorology. W. H. WENstTROM; Sci. Mo. 
51, 226-232 (1940). A brief history. 

The responsibility of education to society. H. E. BARNEs; 
Sci. Mo. 51, 248-260 (1940). Educators might as well 
understand, once and for all, that we cannot save democ- 
racy through education, unless we are willing to teach in 
our schools the materials essential to the salvation of 
democracy. 

Culture: a scientist’s ideal. R. KinG; Sci. Mo. 51, 261- 
268 (1940). A physicist’s conception of self-culture. 

Scientific progress and the evolution of capitalism. G. W. 
Epwarps; Sci. Mo. 51, 65-73 (1940). How will the progress 
of science be affected by the rapid changes now occurring 
in the institutions of capitalism? 

Basic principles of the new mechanics. G. GamMow; Sci. 
Mo. 51, 358 (1940). A popular account. 

A scientific approach to religion. J. S. O’Conor; Sci. 
Mo. 51, 368-372 (1940). The author of this stimulating 
article is professor of physics in Georgetown University. 
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Improvement of A.A.P.T., suggestions for, F. G. Slack—136 
Necrology: Clement Moran—201; Floyd Karker Richtmyer—74; 
Jonas Bernard Nathanson—74; Albert deForest Palmer—201 
Oersted medal award for 1939 to Benjamin H. Brown—41 
Seattle meeting, June, 1940, program and abstracts of papers—325 
Apparatus (see General physics, laboratory; Intermediate and advanced 
physics, laboratory; Lecture-demonstrations; Visual materials and 
methods) 
Appointment service and professional opportunities 
Exchange professorships, advantages, G. E. Owen—263 
Graduate appointments available, D. Roller—401 
Opportunities, in analytic physics, E. Hutchisson—330(D); in 
industrial development laboratories, A. C. Hardy—285 
Placement agencies for secondary school positions—266 
Positions wanted; vacancies—45, 140, 202, 263, 327, 395 


Biographies (see History and biography) 
Book reviews (see Reviews of books, pamphlets and trade literature) 


Charts and posters (see Visual materials and methods) 

Committees, A.A.P.T. (see American Association of Physics Teachers) 

Courses (see Engineering physics; General physics; Intermediate and 
advanced physics; Photography course; Premedical physics; 
Survey courses) 


Demonstrations (see Lecture-demonstrations) 
Departmental administration, maintenance and activities (see also 
Education) 
Bryn Mawr College department, W. C. Michels, A. L. Patterson 
—117 
Creative activities of the teacher, T. H. Osgood—107 
Civilian pilot training program, D. L. Webster—332(D) 
Curriculum leading to major in physics, A.A.P.T. committee on 
training of physicists for industry—124 
Meteorology in physics department, J. G. Albright—282 
Pharmacists, physics for, C. T. Van Meter—290 
University of Minnesota department, J. W. Buchta—375 
University of Mississippi department, W. L. Kennon, A. B. Lewis, 
S. C. Gladden, M. W. Hodge—294 
Differentiated first-year courses (see also Engineering physics; Photog- 
raphy course; Premedical physics; Survey courses) 
Meteorology, J. G. Albright—282 
Pharmacy students, physics for, C. T. Van Meter—290 
Women, general course for, Sister M. Ambrosia—289 


Education, general (see also Education, physics and science) 
Junior colleges, proposed study of —266 
Education, physics and science (see also General physics; Tests) 
Civilian pilot training program, D. L. Webster—332(D) 
College entrance requirements in physics, proposed revision, Col- 
lege Entrance Examination Board—246 
English schools, physics in, A. G. Beverstock—390 
Exchange professorships, advantages, G. E. Owen—262 
General education, survey of teacher opinion on physics course for, 
A.A.A.S. committee—49 
Laboratory, objectives of, M. Kostick—331(D); student opinion of, 
L. S. McDowell—67(D) 


Meeting for improvement of physics instruction: A.A.P.T., Colum- 
bus—67; Seattle—325; Chicago chapter—139; Colorado- 
Wyoming chapter—139; District of Columbia chapter—264; 
Kentucky chapter—202; Oregon chapter—139; Western 
Pennsylvania chapter—139, 264; A.P.S., Ohio section—265; 
Southeastern section—264; summer symposiums and meetings 
—140, 200 

Motion pictures, teaching value, C. J. Lapp—67(D) 

Problems, mathematical vs. physical solutions, C. J. Lapp—241; 
H. K. Schilling—68(D); value of problem solving, C. J. Lapp— 
67(D) 

Psychology of physics teaching, C. J. Lapp—346 

Recitations, experiment with written, R. B. Abbott, H. H. Rem- 
mers—244, 71(D) 

Research and teaching, T. H. Osgood—107 

Review notes, use during tests, O. Blackwood—67(D) 

Supplementary reading for beginners, W. Davis—324 

Scholarly writing and reviewing in scientific journals, W. L. McAtee 
—407(D) 

Training of aviators, D. L. Webster—332(D); of industrial phys- 
icists, A. C. Hardy—285; of pharmacists, C. T. Van Meter— 
290; of secondary school teachers, G. P. Cahoon—331(D); 
B. W. Jones—331(D) 

Values problem in physics, R. D. Rusk—68(D) 

Electricity and magnetism (see General physics, History and biography; 
Intermediate and advanced physics; Lecture-demonstrations; 
Terminology and notation; Textbooks; Units, dimensions and 
measurements) 

Engineering physics (see also General physics) 

“Basic physics’’ course for engineers, A. Hazeltine—331(D) 

Literature—268(R) 

Objectives, teaching devices, psychological implications, etc., for 
engineering physics course, C. J. Lapp—346 

Performance of students on national tests, A.A.P.T. tests com- 
mittee—175 

Examinations (see Tests) 

Experiments (see General physics, laboratory; Intermediate and ad- 
vanced physics, laboratory; Lecture-demonstrations) 


First-year college physics (see Engineering physics; General physics; 
Premedical physics; Survey courses) 


General physics, educational aspects (see also Education; Tests) 

Achievement, factors in student, A.A.P.T. tests committee—174, 
71(D) 

General education, teacher opinion of adequacy of physics course 
for, A.A.A.S. committee—53 

Laboratory, criterions for good experiments, W. R. Wright—255; 
in woman's college, Sister M. Ambrosia—289; modernization 
of, C. J. Lapp—346; objectives, M. Kostick—331(D); student 
opinion of, L. S. McDowell—67(D) 

Objectives, for general course, C. J. Lapp—346; for laboratory, 
M. Kostick—331(D) 

Problem solving, mathematical vs. physical solutions, C. J. Lapp— 
241; H. K. Schilling—68(D); value of, C. J. Lapp—67(D) 

Psychology of physics teaching, C. J. Lapp—346 

Recitations, experiment with written, R. B. Abbott, H. H. Rem- 
mers—244 

Supplementary reading for students, value, W. Davis—324 

Women, course for, Sister M. Ambrosia—289; performance on 
national tests, A.A.P.T. tests committee—175 

General physics, laboratory apparatus and experiments (see also Inter- 

mediate and advanced physics, laboratory; Lecture-demon- 
strations) 

Acoustics, quantitative laboratory demonstrations in, W. R. Wright 
—255 : 

Automobile, J. C. Stearns—69(D); H. S. Seifert—172 

Acceleration experiments, second differences in, W. Weniger— 
326(D) 

Clock, synchronous, protective device for, W. H. Michener, C. 
Williamson—63; switch for, L. S. Combes—66 

Curves, device for drawing, H. H. Macey—78(D) 

Dial gauge, uses in laboratory, L. A. Sanderman—259 
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Elasticity, Young's modulus, G. H. Olewin—396; L. A. Sanderman 
—259 

Electric equipotential lines in electrolytic bath, plotting of, J. 
Simpson—326(D) 

Electronic devices, uses in laboratory, M. O'Day—326(D) 

Heat transfer in a gas, R. G. Mitton—205(D) : 

Laboratories and equipment, Bryn Mawr College, W. C. Michels, 
A. L. Patterson—117; University of Minnesota, J. W. Buchta 
—375; University of Mississippi, W. L. Kennon, A. B. Lewis, 
S. C. Gladden, M. W. Hodge—294 

Literature: manuals—267(R) 

Newton's laws of motion, Mach method, N. M. Smith, Jr.—71(D) 

Optics, adjustable wedge interferometer, A. Longacre—38; mirror- 
backed lens, I. M. Freeman—321 

Oscillograph, uses in laboratory, M. O’Day—326(D) 

Spectrometer table, gauge for adjusting, L. A. Sanderman—259 

Spectrum tubes, safe a.c. supply for, E. H. Green, K. H. Fried, 
W. H. Mais—197 


Waves in air columns, W. R. Wright—255 


Vacuum tubes, survey of laboratory uses for, G. P. Harnwell, 
L. N. Ridenour—79 


General physics, subject matter and references (see also General 


physics, laboratory; History and biography; Intermediate and 
advanced physics; Lecture-demonstrations; Methodology and 
philosophy of science; Terminology and notation; Textbooks; 
Units, dimensions and measurements; Visual materials and 
methods) 

Acoustics, combination frequencies and beat notes, R. R. Ramsey— 
237; relaxation oscillations, G. F. Herrenden-Harker—7; 
Savart wheel problem, R. M. Sutton—134 

Aviation, physics in, D. L. Webster—332(D) 

Biologic phenomena, physical theory applied to, G. F. Herrenden- 
Harker—16 

Collision of 2 particles, R. H. Bacon—154 

Conversion factors, handling of, A. G. Worthing—199, 67(D) 

Elastic and inelastic collisions, survey of theory, R. H. Bacon— 
154, 354 

Electricity, dielectric constant and iimitations of Coulomb law, 
W. F. Brown, Jr.—338; W. R. Wright—371; oscillations and 
oscillatory circuits, G. F. Herrenden-Harker—9; table of mks 
units, W. H. Michener—318 

Electron e/m by deflection, theory, P. L. Copeland—197 

Electrostatics, modernized practical, W. R. Wright—371 

Energy and work concepts, introduction to, R. S. Shaw—136 


Fluorescent materials, solid, present knowledge of, R. P. Johnson— 
143 


Friction, sliding, R. S. Shankland—64 

Hydrostatics, problem in, R. M. Sutton—134; sea diving, L. E. 
Dodd—181 

Literature: check lists of periodical articles—78, 142, 206, 270, 407; 
pamphlets—77(R); reprints of survey articles—248; text- and 
reference books—77(R), 138(R), 269(R), 405(R) 

Magnetism, early history, R. B. Lindsay—271; presentation of 
concepts, E. M. Little—129 

Measurements, meaning of, R. B. Lindsay—22 

Mechanics, classification of motions, R. S. Shaw—68(D); con- 
servation of momentum, R. H. Bacon—154; Newton's laws, 
teaching of, J. E. Spike, Jr.—i21; N. M. Smith, Jr.—71(D); 


poundal, W. W. Sleator—134; relaxation oscillators, G. F. j 


Herrenden-Harker—1 

Optics, interference principle, I. B. Cohen—99; mirror-backed lens, 
I. M. Freeman—321; resolving powers of prism and grating, 
W. W. Sleator—47; resolving power and theory of pinhole 
camera, L. A. Turner—112; rule of signs for lens and mirror 
equations, J. G. Winans—63 

Oscillations and oscillators, relaxation and harmonic, G. F. 
Herrenden-Harker—1 

Pharmacy, physics in, C. T. Van Meter—290 

Phosphors, present knowledge of, R. P. Johnson—143 

Physical quantity, definition and properties, V. F. Lenzen—335; 
J. G. Winans—68(D) 

Radio, Marconi’s work, A. Fleming—141(D); modulation, side 
bands, R. R. Ramsey—237 

Sea diving, physics of, L. E. Dodd—181 


Symbols, physical, significance of, V. F. Lenzen-—335, 325(D); 
L. Fein—397; principles of selection and recommended list, 
A.A.P.T. committee—300 

Temperature concept, basic character, A. G. Worthing—28 

Tides, theory of, I. B. Cohen—105 

Units in first course, W. R. Varner—326(D); W. W. Sleator—134; 
W. H. Michener—318 

Waves, combination of sine, R. R. Ramsey—237 


Heat (see General physics; Intermediate and advanced physics; Lecture- 


demonstrations; Textbooks) 


History and biography 


Bacon, Roger, on reflecting telescope, L. W. Taylor—384 
Balloon flights, early, E. C. Watson—249 

Brown, Benjamin Harrison, biography, A. A. Knowlton—41 
Electric units, evolution of systems, R. N. Varney—222 
English schools, physics in, A. G. Beverstock—390 
Faraday’s Christmas lectures, E. C. Watson—387 
Fluorescent materials, solid, R. P. Johnson—143 

Gilbert, William, R. B. Lindsay—271 

Literature—76(R), 203(R), 267(R) 

Magnetism, early history, R. B. Lindsay—271 

Marconi and radio communication, A. Fleming—141 
Moran, Clement, 1884-1940, H. L. Howes—201 
Nathanson, Jonas Bernard, 1889-1939, C. W. Prine—74 
Optical interference, I. B. Cohen—99 

Palmer, Albert deForest, 1869-1940, R. B. Lindsay—201 
Richtmyer, Floyd Karker, 1881-1939, P. E. Klopsteg—74 
Royal Institution lectures, E. C. Watson—195, 387 
Steam railroad, E. C. Watson—46 

Surrey Institution lectures, E. C. Watson—316 

Symbol standardization, A.A.P.T. committee—300 
Telescope, reflecting, L. W. Taylor—384 

Thompson, Benjamin, caricature, E. C. Watson—120 
Tides, Newton's theory, I. B. Cohen—99 

Young, Thomas, I. B. Cohen—99 


Intermediate and advanced physics, educational aspects 


Analytic physics, a new field, E. Hutchisson—330(D) 

Copying of abstracts, extracts, etc., photographic method, F. F. 
Cleveland—261 

Curriculum for physics majors, A.A.P.T. committee on training of 
physicists for industry—124 

Meteorology, physical, courses in, J. G. Albright—282 

Research facilities and graduate appointments available in various 
institutions, D. Roller—401 

Scholarly writing and critical reviewing in journals, W. L. McAtee 
—407(D) 

Second-year course, modern physics as, J. J. Brady—326(D) 
Student projects, at Kalamazoo College, H. S. Seifert—171; 
University of Hawaii, S. S. Ballard, M. E. Nelson—167 
Training, for industrial developmtent laboratories, A. C. Hardy— 
285; for secondary school teaching, G. P. Cahoon—331(D); 

B. W. Jones—331(D) 


Intermediate and advanced physics, laboratory (see also General 


physics, laboratory; Lecture-demonstrations) 

Amplifiers, vacuum tube, G. P. Harnwell, L. N. Ridenpur—82 

Audio pre-amplifier, compensating, A. W. Nye, P. L. Bateman— 
325(D) 

Clocks, synchronous, protective device for, W. H. Michener, C. 
Williamson—63; switch for, L. S. Combes—66 

Curve drawing, device for, H. H. Macey—78(D) 

Dial gauge, uses in laboratory, L. A. Sanderman—259 

Diffraction of light by supersonic waves in liquids, A. W. Smith, 
L. M. Ewing—57 

Elasticity, Young's modulus, G. H. Olewin—396; L. A. Sanderman 
—259 

Electric equipotential lines, plotting, J. Simpson—326(D) 

Electron counter circuits, G. P. Harnwell, L. N. Ridenour—94 

Electron e/m, thermionic, F. M. Gager—126 

Electron microscope, simple, C. W. Hoffman—70(D) 

Electronic laboratory, California Institute of Technology, W. H. 
Pickering, H. V. Neher—325(D) 

Electrostatics, experiments in applied high voltage, L. C. Van 
Atta, A. A. Petrauskas—188 
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Gas, ionization potentials, L. C. Van Atta, J. E 
Lamar—322 

Geiger-Miiller counter, student project, H. S. Seifert—171 

Ionization potential of gas, L. C. Van Atta, J. E. Meade, E. S. 
Lamar—322 

Laboratories and equipment, Bryn Mawr College, W. C. Michels, 
A. L. Patterson—117; University of Minnesota, J. W. Buchta 
—375; University of Mississippi, W. L. Kennon, A. B. Lewis, 
S. C. Gladden, M. W. Hodge—294 

Laue spot patterns, P. Kirkpatrick—319 

Magnetic field strength, J. Simpson—327(D) 

Magnetization curves, hysteresis loops, W. H. Eller—234 

Moment of inertia, mechanical oscillator, W. C. Elmore—394 

Optical levers, B. H. C. Mathews—270(D) 

Optics, deviation by biprism, C. M. Focken—329(D) 

Oscillators, vacuum tube, G. P. Harnwell, L. N. Ridenour—90 

Oscillograph measurements of x-ray tube voltage, J. E. Edwards— 
253 

Planck constant, determination, W. O. Clarke—205(D); J. E. 
Edwards—253 

Rectifiers, vacuum tube, G. P. Harnwell, L. N. Ridenour—79 

Resistor, hot wire ballast, W. R. Haseltine—381 

Scaling circuits, G. P. Harnwell, L. N. Ridenour—96 

Sound, speed in air below 0°C, A. E. Bates—329(D); student-made 
diffraction apparatus, H. S. Seifert—171 

Spectrum source, continuous ultraviolet, S. S. Ballard, M. E. 
Nelson—167 

Spectrum tube, safe a.c. supply for, E. H. Green, K. H. Fried, 
W. H. Mais—197 

Spectrographs, student-made, H. S. Seifert—171 

Supersonic waves in liquid, diffraction of light by, A. W. Smith, 
L. M. Ewing—57 

Vacuum tubes, survey of laboratory uses for, G. P. Harnwell, 
L. N. Ridenour—79 

Voltmeters, electrostatic, L. C. Van Atta, A. A. Petrauskas—188; 
vacuum tube, G. P. Harnwell, L. N. Ridenour—87 

Wien radiation formula, test of, W. O. Clarke—205(D) 

X-rays, absorption coefficients, model, D. S. Teague, B. Burson 
—320; laboratory course in, P. Kirkpatrick—326(D) 

X-ray tube, voltage of self-rectifying, J. E. Edwards—253 


- Meade, E. S. 





Intermediate and advanced physics, subject matter (see also General 


physics, History and biography; Intermediate and advanced 
physics, laboratory; Methodology of science; Terminology 
and notation; Textbooks) 

Acoustics, combination frequencies and beat notes, R. R. Ramsey 
—237; relaxation oscillations in, G. F. Herrenden-Harker—7; 
ultrasonics, J. C. Hubbard—207 

Bernoulli theorem, derivation, L. T. Pockman—64 

Biologic phenomena, relaxation oscillations in, G. F. Herrenden- 
Harker—16 

Collision of 2 particles, review of classical and relativistic theory, 
R. H. Bacon—154, 354 

Compton effect, theory, R. H. Bacon—354 

Curl, concept of, A. T. Jones—397 

Elastic and inelastic impacts, classical and relativistic, R. H. Bacon 
—154, 354 

Electricity, general formulation of theory with arbitrary units, 
W. F. Brown, Jr.—338 

Electric oscillations, G. F. Herrenden-Harker—9 

Electric resistor, hot wire ballast, W. R. Haseltine—381 

Electric units and unit systems, W. F. Brown, Jr.—338; evolution 
of, R. N. Varney—222; proposed normal mks, F. W. War- 
burton—30; summary of mks, W. H. Michener—318 

Electron e/m by deflection, P. L. Copeland—197 

Fluorescent solids, survey of, R. P. Johnson—143 

Langmuir-Child equation, derivation, N. H. Frank—116 

Liquid structure, C. D. Thomas, N. S. Gingrich—71(D) 

Literature: pamphlets—77(R), 328(R); reprints of survey articles 
—248; text- and reference books—76(R), 137(R), 203(R), 
267(R), 405(R) 

Magnetic moment, F. W. Warburton—70(D) 

Magnetism, early history, R. B. Lindsay—271; presenting concepts 
of, E. M. Little—129; terrestrial, F. C. Farnham—69(D) 

Measurement, meaning and nature of, R. B. Lindsay—22 
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Mechanical oscillations, G. F. Herrenden-Harker—1 

Optical history, interference principle, 1. B. Cohen—99 

Optics, best definition with pinhole camera, L. A. Turner—365; 
resolving power and theory of pinhole camera, L. A. Turner— 
112; resolving powers of prism and grating, W. W. Sleator— 
47; rule of signs for lens and mirror equations—J. G. Winans— 
63 

Oscillations, relaxation and harmonic, G. F. Herrenden-Harker—1 

Phosphors, present knowledge of, R. P. Johnson—143 

Photoelectric effect, as 2-particle impact, R. H. Bacon—354 

Photograph, criterion for definition in, L. A. Turner—365 

Physical quantity, definition, V. F. Lenzen—335 

Quantum mechanics, meaning of symbols in, L. Fein—397 

Radioactive standards, Anon.—137 

Relativity, restricted, applied to impacts, R. H. Bacon—354; 
vector analysis in, W. Band—162 

Symbols, physical, significance of, V. F. Lenzen—335, 325(D): 
L. Fein—397; principles of selection and recommended list, 
A.A.P.T. committee—300 

Telescope, problem in design of, J. A. Duncan—69(D) 

Temperature, basic nature of concept, A. G. Worthing—28; theory 
of measurement—R. B. Lindsay—24 

Theories and hypotheses, genesis of, C. F. Hagenow—227 

Thermionic space-charge equation, derivation, N. H. Frank—116; 
H. Grover—322 

Thermodynamic functions, dependence on mass, E. L. Hill—168 

Thermodynamic paradox, problem, A. J. Dempster—396 

Ultrasonics, survey, J. C. Hubbard—207 

Vector analysis, concept of curl, A. T. Jones—397; in restricted 
relativity, W. Band—162 

Waves of different frequency, combination of, R. R. Ramsey—237 


Laboratory manuals (see Reviews) 
Laboratory, student (see General physics, laboratory; Intermediate and 


advanced physics, laboratory) 


Lecture-demonstrations (see also Visual materials and methods) 


Acoustics, electrically driven sonometer, M. O’Day—326(D); 
lenses, H. Kruglak, C. C. Kruse—260 

Atomic models, C. Van Valkenburg—262 

Biophysical phenomena, F. E. Hoecker, A. G. Asher—62 

Cyclotron, mechanical model, F. A. B. Ward—205(D) 

Diffraction of light by supersonic waves in liquids, A. W. Smith, 
L. M. Ewing—57 

Elastic strain, materials for showing, E. M. Rogers—70(D) 

Electricity, combination of a.c. voltages, G. G. Kretschmar—321; 
resistance, J. G. Black—71(D) 

Electric spark in air, effects, J. S. Miller—330(D) 

Electromagnetic induction, by oscillograph, F. E. Hoecker, A. G. 
Asher—61 

Electron, charge by Perrin cathode-ray tube, A. D. Hummel— 
71(D); e/m by deflection, P. L. Copeland—197 

Electrostatics, W. C. Hill—142(D); P. Rood—320 

Fluorescence, long-wave, H. D. Murray—142(D) 

Force, centripetal, R. M. Sutton—69(D) 

Gases, kinetic theory model, L. de St. Paér—330(D) 

Heat, generated by spark, J. S. Miller—330(D); of vaporization, 
V. R. Rawson—270(D) 

Hydrostatics, floating bodies, R. M. Sutton—134; pressure, L. EF. 
Dodd—181 

Kinetic theory model, L. de St. Paér—330(D) 

Laue spots, device for illustrating, P. Kirkpatrick—319 

Lissajous’ figures with oscillograph, G. G. Kretschmar—321 

Melde’s experiment, P. I. Wold, F. J. Studer—165, 70(D) 

Optics, geometric, smoke box and accessories for, K. H. Fried, 
E. H. Green, W. H. Mais—43 

Oscillograph, for slow and nonrecurrent phenomena, F. E. Hoecker, 
A. G. Asher—59; for combined a.c. voltages, G. G. Kretschmar 
—321; simple ‘‘mechanical,’’ E. M. Rogers—70(D) 

Pendulum, Foucault, J. G. Black—71(D); physical, W. B. Pieten- 
pol—70(D) 

Power of a person, J. G. Black—71(D) 

Pressure, gauge illustrating units, and physics of sea diving, L. E. 
Dodd—181; effect of electric spark on air, J. S. Miller—330(D 

Radio antennae, directional, E. A. Yunker—325(D) 
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Refraction of sound, H. Kruglak, C. C. Kruse—260 

Rotation, about free axis, and torque, R. M. Sutton—69(D); 
physical pendulum, W. B. Pietenpol—70(D) 

Supersonic waves in liquids, A. W. Smith, L. M. Ewing—57 

Surface tension reducer, C. R. Caryl—407(D) 

Vibrations, in strings, P. I. Wold, F. J. Studer—165, 70(D); simple 
harmonic accelerations, R. M. Sutton—69(D) 

Wheatstone bridge, J. G. Black—71(D) 

X-ray absorption coefficients, 3-dimensional model, D. S. Teague, 
B. Burson—319 : 

Light (see General physics; History and biography; Intermediate and 
advanced physics; Lecture-demonstrations; Textbooks) 


Mechanics (see General physics; History and biography; Intermediate 
and advanced physics; Lecture-demonstrations; Terminology and 
notation; Textbooks; Units, dimensions and measurements) 

Methodology and philosophy of science 
Literature—204(R) 

Measurement, theory of, especially in microscopic domain, R. B. 
Lindsay—22 

Operational theory and meaning of symbols, V. F. Lenzen—335 

Physical quantities, meaning of, V. F. Lenzen—335; J. G. Winans 
—68(D) 

Symbols in physical equations, significance, V. F. Lenzen—335, 
325(D); L. Fein—397 

Theories and hypotheses as free mental creations, C. F. Hagenow— 
227 

Modern physics (see General physics; Intermediate and advanced 
physics) 

Motion pictures (see Visual materials and methods) 

Museums (see Visual materials and methods) 


Philosophy of science (see Methodology and philosophy of science) 
Photography course 
Copier, rapid photographic, F. F. Cleveland—260(R) 
Definition in photograph, criterions for, L. A. Turner—305 
Lantern slides, inexpensive, G. H. Bell—329(D) 
Literature: text- and reference books—77(D), 203(R), 269(R), 
405(R) 
Oregon State College photography course, J. C. Garman—326(D) 
Pinhole camera, best definition with, L. A. Turner—365; resolving 
power and theory, L. A. Turner—112 
Premedical physics (see also General physics) 
Biologic phenomena, periodic, physical theory applied to, G. F. 
Herrenden-Harker—16 
Biophysical demonstrations witli oscillograph, F. E. Hoecker, 
A. G. Asher—62 
Course for premedical students, prerequisites, instructors, etc., 
J. R. Loofbourow—132 
Literature—268(R) 
Oscillatory phenomena, biologic, G. F. Herrenden-Harker—16 
Pharmacy, physics in, C. T. Van Meter—290 
Proceedings of American Association of Physics Teachers (see American 
Association of Physics Teachers) 


Reviews of books, pamphlets and trade literature (see also Textbooks, 

errors and inadequate treatments in) 

Abbott, R. B., Instruction in Physical Measurements—267 

Allen, H. S., and R. S. Maxwell, A Textbook of Heat, Part I—138 

Allen, J. S., and others, A Survey in Physical Science—138 

Ansley, A. J., An Introduction to Laboratory Technique—267 

Baker, R. H., An Introduction to Astronomy, Ed. 2—268 

Bell Telephone Laboratories, Bell System Technical Publications 
—328 

Boyer, C. B., The Concepts of the Calculus—76 

Bray, F., Light—405 

British Air Ministry, The Meteorological Glossary, Ed. 3—328 

Buros, O. K., ed., Research and Statistical Methodology Books and 
Reviews, 1933-—1938—204 

Butler, J. A. V., Electrocapillarity—the Chemistry and Physics of 
Electrodes and Other Charged Surfaces—406 

Casimir, H. B. G., Magnetism and Very Low Temperatures—268 

Clark, J. A., F. R. Gorton and F. W. Sears, Physics of Today—328 


Conway, A. W., and A. J. McConnell, ed., The Mathematical 
Papers of Sir William Rowan Hamilton, Vol. Il, Dynamics— 
406 

Crew, H., tr., The Photismi De Lumine of Maurolycus—204 

Crowther, J. A., Ions, Electrons and Ionizing Radiations, Ed. 7— 
267 

Dickinson, H. W., A Short History of the Steam Engine—76 

Dorsey, N. E., Properties of Ordinary Water-Substance—405 

Duff, A. W., and S. J. Plimpton, Elements of Electromagnetic 
Theory—267 

Dull, C. E., Modern Physics—269 

Dunne, J. W., The Serial Universe—204 

Eckels, C. F., C. B. Shaver and B. W. Howard, Our Physical 
World—328 

Eldridge, J. A., College Physics—405 

Ellenwood, F. O., and C. O. Mackey, Vapor Charts and Special 
Tables for Turbine Calculations—77 

Eve, A. S., Rutherford—Being the Life and Letters of the Rt. Hon. 
Lord Rutherford, O. M.—203 

Fleming, J. A., ed., Terrestrial Magnetism and Electricity—203 

Gamow, G., Mr. Tompkins in Wonderland—269 

Good Housekeeping Bulletin Service, Booklets on Buying House- 
hold Equipment—204 

Gutenberg, B., ed., Internal Constitution of the Earth—203 

Harrison, G. R., Atoms in Action—138 

Harvey, E. N., Living Light—268 

Hausmann, E., and E. P. Slack, Physics—138 

Heiss, E. D., E. S. Obourn and C. W. Hoffman, Modern Methods 
and Materials for Teaching Science—204 

Henney, K., and B. Dudley, ed., Handbook of Photography—269 

International Tin Research and Development Council, Tin and Its 
Uses—204 

Karelitz, G. B., J. Ormondroyd and J. M. Garrelts, Problems in 
Mechanics—138 

Karlson, P., The World Around Us—77 

Karman, T. V., and M. A. Biot, Mathematical Methods in Engi- 
neering—268 

Kilby, C. M., Laboratory Manual of Physics, Ed. 2—267 

Landé, A., Principles of Quantum Mechanics—203 

Leeds & Northrup Co., Electrical Measuring Instruments for 
Research, Teaching and Testing—77 

MacCurdy, E., tr. and ed., The Notebooks of Leonardo da Vinci 
267 

Mack, J. E., and M. J. Martin, The Photographic Process—77 

Mann, W. B., The Cyclotron—267 

Millikan, R. A., Cosmic Rays—138 

Minnaert, M., Light and Colour in the Open Air—405 

Moulton, F. R., ed., Recent Advances in Surface Chemistry and 
Chemical Physics—76 

National Bureau of Standards, Standard Frequencies and Other 
Services Broadcast by National Bureau of Standards—328 

National Research Council, Broadcast Receivers and Phonographs 
for Classroom Use—77 

Page, L., and N. I. Adams, Electrodynamics—406 

Quarles, G. G., Elementary Photography—269 

Richardson, E. G., Sound—405 

Sedgwick, W. T., H. W. Tyler and R. P. Bigelow, A Shott History 
of Science—76 

Solomon, A. K., Why Smash Atoms?—269 

Taylor, F. S., The World of Science—139 

Terry, G. S., Duodecimal Arithmetic—77 

Timbie, W. H., Industrial Electricity, Ed. 2—268 

Whitehead, J. B., Electricity and Magnetism—76 

Williard, L. R., and C. S. Winter, Experiences in Physics—328 

Wilson, A. H., Semi-Conductors and Metals—268 

Wittick, E. C., The Development of Power—328 

Ziff-Davis Publishing Co., The Little Technical Library: Photo- 
graphic Series—203 

Zworykin, V. K., and G. A. Morton, Television—The Electronics 
of Image Transmission—268 


Scientific method (see Methodology and philosophy of science) 
Secondary school physics (see also Education; General physics; Lec- 


ture-demonstrations; Survey courses; Visual materials and 
methods) 





